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A PROGRAM FOR CAICUIATING OPr!. JM DDENSIONS OF hIPBA 
RADIOl$<1N>P! CAliSUOO messED 'l'O VARYING sTit&m ARb fi!MPI!$ATURE 

J. P. Nichols 
D. R. Winkler 

ABSTRACT 

-

A method and computer program were developed for calcu
lating the creep 11M optimizing the dimensions ot capsules 
tilled w:1th alpha-em1tting radioisotopes. The method solves 
an integral equation '~hat was developed assuming linear accu
DD1l.8tion of partial creep lives and relating life to time
dependent stress and temperature USing the larson-Miller pa
rameter. The computer program, CAPSUL, is wr1 tten in Fortran 
language for the IBM 360/75 computer. The program JIBES a 
least squares fit of the creep life function using conven
tional constant stress, constant temperature creep data. 
Dimensions of capsules having maximlun thermal power per unit 
at weigbt, volume, or area are calculated for a given creep 
life and. pressure-temperature history using a numerical 
lagrange )hltipl1er tOrJIJllation. The ~rogram also (;8lculates 
the lite to a preScribed strsin tor capsules of give:l dimen
Sions and pressure-temperatu...""e history. The uethod has been 
used to analyze creep data for the alloys 304 stainless 
steel, Bastelloy N, Cb-l'-' Zr, FS-85, and T-222. 

1.0 INl'RQDUCTION 

In capsules conta:ln1ng alpha-em tting radioisotopes tor use in space 

power packages, it is des!rable to provide maxim.un power per unit of 

weight, volume, or projected area wi thin the constraints imposed by the 

need to ueintain capsule in~grity duriIl6 nomal operation and in the 

event of one or more accidental conditions. Because of the continuous 

generation of helium gas, together with decay of the therDl1l power, such 

capsules are characterized by time-dependent stress and temperature. V~ry 

high in! tial temperatures cause creep to be 8n important consideration in 

the design. 

A model and computer program were formulated for calculation at the 

strain and optimum dimensions of capsules within the desired constraints. 
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The foll'-'111ng sections Will describe the IlliCdel and the cOlllJUter program 

aY'J! present an analy81s or expen..ntal creep c1ata that terrl to conf1rm 

the rooclel. A glOS88l")' of symbols, example problems, and 8 program list 

are included as appendices. 

2.0 Mt\TBBMt\TICAL )l)DEL 

We wish to develop a phenomenolog1~l model of creep resulting from 

time-varying stress aDd temperature in c.!rta1n metals for which. the only 

ava1lable experimental data ara ult1ma~ strength propert1es at loy tem

peratures 8M constant 1<*1, coutant temperature creep properties at 

high temperatures. A prec1se aDP.lytIis of the probJ.em requires an equation 

f)f state that relates strain rate to stress, temperature, stra1n, and 

time. No Single equation 1s available, but appraxiD8te equatiOns flBy be 

developed for restricted classes of materials. Or'.! such equat10n, which 

has been substantiated for a number of metals1,2 and Plastics,3 assumes 

that the fractional creep life for a g1ven stress and temperature is inde

pendent of other fractions sustained under different conditions and that 

these fractions my be accumulated linearly. Stated mathemtically: 

1 = ! dt 
B( ,,( t ), T( t )1 

o 
(1) 

where 

8( (f,T) = a function, hereafter cRlled the "creep lite function," 

that determines the life to a prescr1bed strain or ruptu.-e 

for a given stress, 0, and temperature, T, 

t = time since application of the load, 

e = resultant life to prescribed strain or rupture for time

varytng stress and temperature. 

A suitable creep life function can be determ1~ed ~y empirically 

fi tting an equation to experimental data for stresi:i as a fu."lction of a 

time-temperature parameter. Several time-temperature parameters, including 

those of Orr, Sherby, and Dorn; Mlnson and 1Jaferdj and !.arson and M11l~r, 

have been evaluated for this purposej and it was found that the larson-Miller 

.' 
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pu-ameter provided the most accurate correlation fer a wide selection of 

metals.4 larson and M1lle~ have related the creep life at Ii given stres8 

to the absolute temperature by an equa'tion that lIBy be deri~-ed trom the 

Arrhenius rate lav, 

T In IC9 = constant, larson-Miller parameter • 

The constant I( bas the physic9l connotation of "D8Ximum rupture rate." 

The cOll'JOn logeri thm of I( is called the larson-Killer constant and is in 

the raage of 10 to 3<' tor most metals when time is measured. in hours. 

The development of the creep life function tor the present model is 

ill·.lstrated in Fig. 1. ~~own is a typical plot relating tha logarithm of 

mftasured nominal, ui'l1..axial stress to the larson-Miller parameter. The 

r;reep data are obt..a1ned at temperatures generally above one-third the 

absolute melting temperature by measuring the t1Ile to a specified strain 

or rupture urAer conditions of constant load (constant nominal stress) 

and temperature. The data for ult1Date strength (or stress for a specified 

"instantaneous II elastic and plastic strain) as a function of temperature 

are determined under conditions at constant imposed strain rate which is 

not necessarily the "natural" strain rate measured in creep experiments. 

We ~ve assumed that the actual lUe neasured in ul t1Df1te strength tests 

is a good approx1ll8tion of the e<r~V81ent creep life, particularly for 

those Jl8terials which exh1bi t little strain hardening (nearly constant 

nomitl8l stress for nominal strain gr..;ater than the yield), becaW!e (1) 

the life approx1DBtes unity and bas little effect on the IC6 product, am 

(2) the stress is j nsel's! ti ve to the larson-Miller parameter in the 

lov-temperature range at wh:&.ch the ultiD:8te strength <leta are used to 

6uppleL'ent creep data. 

As te~rature increases the creep (or time dependent) strain for a 

given finite life becoms a progressively larger fraction at the total 

strain and the fractional strain from elastic and "instantaneous II plastic 

strain becomes progressively more negligible. At high temperatures the 

logan thm of the applIed etress for Jl8Dy Jl8terials 4, 5 is a linear function 

of the larson-Miller parameter haVing intercept 1n a and slope m. We 

have assumed that the creep componant of stress, ac' bas this linear form 

at all temperatures. 
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Ina 1. For T large, CT ~ CT C 

In CTC a = -m (T ln1(8) 

2. For T small, CT ~ CTU 

lnCTU ....... ~ 
.L-.l..-+ 1 . 
CT Y - CTuY CTCY 

CT= [QY + v:;;;'ymT] ~ 
1 1 

T ln1<8 
8 1 a nnT = 1( (;:;u) ( trUY - O"Y) ymT 

Fig. 1. Deri vation of 6 (cr, T). 
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At temperatures below 8pprQXimate~ one-third the s'osolute melting 

temperature the creep strain becomes negligible wi t!l respect to the 

elastic and plastic strain. In tr..L~ region tlle stress is generally con

stant, a , over e large dOD8in of the paraDl!ter. This behavior, ss well u 
as the behavior at high temperatures, is acco:amodated by a resultant 

stress function that is generated by adding reciprocals of the time 

dependent (creep) and time independent components of stress. An empirically 

fitted constant, '1, provides for appropriate curyature in the transition 

region. 

The c~ter program, to be described in the next section, has pro

vision for determination of the constants, as m, and K by least squares 

analysis of a set [a, T, 8] of creep data. The constants a and '1 are 
u 

selected by the investigator by analysis of a curve of ultimate strength 

as 8 function of temperature end/or by iteration to determine the best 

fi t of combined ult1D8te strength-cre')p data in a t1me-t~m.perature douain 

of interest. 

The general formulation of the approx~te equation of state is 

obtained by substituting the creep life function (Fig. 1) in Eq. (l) and 

making provisions for individual safety factors on ultimate strength, S , 
u 

and creep strength, S c • 

1 
1Utr(t) 

e { s 1 a 1 a'1 ( t ) ~ 
1 = I( J c u dt = D 

o a1[a r - S ., a1(t) 
u u 

(2) 

In principle, the integral in Eq. (2) can be evaluated Il1.lJErically 

for any time behavior of stress and temperature. For rad.ioisotope fuel 

capsules we have chosen to neglect the effect of strain on the volume of 

the capsule and reinforcing effects hy layers other than the primary 

structural DBtertal. End effects are also neglected Since the capsules 

have length-to-d18:Deter ratio greater than 2. The stress is considered 

to be the max1DIWD nominal tensile stress, the circumferential stress at 

the inner \oM 11 at the prir.:Ja1"y container 

(3) 



where 

• 

1 

P = pressure in the capsule, 

E = weld efficiency, 
, 

6 
• 

R( 4) = outer radiua -of ~ J)rimary container, . . . 
R( 3) = inner radius ot priDBry container. 

" 

'l"he t1me-depende.u1; pressure is calculated from the ideal gas law 

since ~the bellum gas jS- well above the critical pOint. -Thevol'UDe ot 
gas is the void volume at the center of the capsule plus allY' add! tiona 1 

void in the fuel reg1,)n.~ The moles of gas are those that are present 

initially plus those that are formed by decay Of the radioisotope. 

The heat flux is in transient equilibrium '4 th the powr 1n cap~es 

conte.ining long-llved radioisotopes. Af!3Um1ng that the overall heat 

transfer coefficients do not vary appreciably' 111 th temperature, the 

temperature of the helium gas and the conta~ner _11 vary w:Lth tiDe in 

the following way: 

(' ) ( • ) -~t Tt ='l'a+ T -Tee /' 

where 

T· = in! tial temperature, 

Ta = ambient temperature, 

~ = decay constant. 

(4) 

Explicit formulae for the individual tempera't'J.-~s, 'Volumes, etc., 

are given 1n the follOwing s~ction which describes the program, CAPSUL. 

Equation (2) veduces to on~ previously der'iv"!d by Kennedy6 under 
• condi tiona of high constant temperature and constant stress rate I a • 

• High temperature implies a = at « a j therefore, if the safety factors 
u 

are unity, Eq,. (2) reduces to; 

1 
e -

1 = K f ( ~)Mr 
o 

1 
- + 1 tnT 

a 
1 

- + 1 mr-
, 

where ~ and aj,(lf! are the constants "n" and "A" used by Kennedy. 

Kennedy,6 and later ~~coy,7,8,9 verified that this equation 1s valid 

for several neterials (including 304 and 309 stainless steels, T-lll, 

• 

• 
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T-222 , and Cb-li Zr) by comper-ing creep rupture lives obtained at high 

constant temperatures and constant stress with those at the same tem

perature but constant stress rate. These data serve, indirectly, to 

ve.lidate Eq. (2). The use of the CAPSUL program to re-evaluate these 

constant stress rate experiments by direct numerical integration is ," 

described in Sect. 4.3. The adequacy of the model can be tested for 

other materials and at lower temperatures by I'erfornUng exp~riments in 

which stress and temperature are known functions of time an~ evaluati~ 

the integral in Eq. (2) either analytically or numerically. , '" 
.' 

:: 

3.0 CAPSTJL PROGRAM 

CAPSaL is a ::,.q~: ... :;,J? ,prt'gram for the IBM 360/75 computer. The program 
.' .- .' -. .., J 

, - I ~ 

calculates t~~·;-::~~ · · ,t t; a~.pr~e;-cr:lbed~ creep strain and optimum dimensions of 
I ' i' ~ . ..;.:" --,,' . . ~'I'- . -: ' .. - r - ...... - ;::-....... I ... 

alpha :;'-'2ili ')isotbpe ,:-:'lLl c:ap,~u;l,~'5 ·' {i'.;'0SEiQ' t.J varying stress and temperature. 
. ;' ,_ - ":;' , ' " "/,~ ~ , ' f' - '- " " J .~ 

The capsuJ.:~:3 · (.'i'g' ~ .: ~ -) are·~~~SJ'lt ,,'cYl-:tr ... J:cI·s with multilayered walls and 
~. "". ~ \. _ ' .-. • -.- -0. - .~ ,- r-

elliptical . ·~~~ ':~~p~;.':":- l:nd:~p:e¢E:r: :, -·t~1·/!.ablE)s are RO, the inside radiu~ of 
, . - - . - ... - _.... -

the capsUI~"" X{?.J./:~t.lie-~-thi~) , n\:!'i3s vf the fuel layer; and X(4), the thickness 
. - ' . - . 

I 2 

of the prillSrY' conbs1.ner Vcl.1.1,-. ~ 

The program has eight principal and eleven subsidiary subroutines. 

LSTSQ detE'rmines constants (a, K, m) in an equation for rupture life (or 

life to a prescribed stndn) as a fWlction of stress and temperature by a 

least squares fit of cree~p-ultiIIBte strength data. Once the constants are 

determined, LSTSQ is nOrnf\lly bypassed for calculations with the same 

material and design life criterion. The subroutine MAX IO uses a nun~rical 
Lagrange multiplier formulation to find a maxiffium of one of three thermal 

powe:: functions (thermal power per unit prOjected area of a flat arra,t of 

capsules, per unit volume of a rectangular parallelepiped that encloses e 

capsule and its auxiliaI7 structural material, or per unit weight of capsule, 

each calculated in subroutine WR) subject to a tirne-int~g~at€d st~ess

temperature constraint (subroutine DR) that is dictated by 9. prescribed 

rupture or strain life. The subroutine RZERO calculates the allowable in-
o 

side radius as a function of thermal power, if it is required that the 

capsule surfoce temp~rature ~ot exceed a given value if the capsule is 

buried in an infinite ffiedilrr.l of '3arth. The subroutine LTIvlIT examine ~, the 
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T-222, and Cb-l~ Zr) by coDlpa.l"ing creep rupture lives obtained at high 

constant temperatures and constant stress with those at the same tem

perature but constant stress rate. These data serve, indirectly J to 

velidate Eq. (2). ~le use of the CAPSUL program to re-evaluate these 

constant stress rate exper1mants by direct numerical integration is, 

described in Sect. 4.3. The adequacy of the model can be tested for 

other materials and at lower temperatures by performing experiments in 

which stress and temperature are knOWII functions of time and evaluating -

the integral in Eq. (2) either analytically or numerically. 

3.0 CAPSTJL PROGRAM 

CAPSUL is a :;'CL~:",:;·npTt"gram for the mM 360/75 computer. The program 
." '". -i .' .- . 

calculates t~e:~'!.l~-~··-t~ a~.pr~~-cr:Lbed_ creep strain and optimum dimensions of 
.~~...;..;::~ . -.---,' .... -. --

alpha :;,-.~ilf')if\otope~~\l·~l· ca~~uie.5 -'(~ose(r t.) varying stress and temperature. 

The capsu~~'~:-(~':lg·.~~.) are:¥i~'1t-_,cYiir~c;'~ with multilayered walls and 

elliPtical.~~~ ·;;~P~~)·-T.ndep~ndE:n :::'VJ' ':"1,ables are RO, the inside radiu~ of 

the capsul~':" x{g)..'-:t.h~<-th~:C),n~as vf'the fuel layer; and x(4), the thickness 

of the prilt8rY container WS.ll-. 

The program has eight principal and eleven subsidiary subroutines. 

V,TSQ detE'rmines constants (ex, K, m) in an equation for rupture life (or 

life to a prescribed st~\in) as a function of stress and temperature by a 

least squares fit of creep-ultimate strength data. Once the constants are 

determined, IST3Q is nOI'IIlf\lly bypassed for calculations with the same 
10 material and design life criterion. The subroutine MAX uses a nwnerical 

Iagrsnge multiplier fOrnnllation to find a maxiIUUm. of one of three thermal 

powe::' functions (thermal power per unit prOjected area of a flat array of 

capsules, per unit volume of a rectangular parallelepiped that encloses a 

capsule and its suxiliarJ structural material, or per unit weight of capsule, 

each calculat~d in subroutine WR) subject to a tirne-int~grat€d st~ess

temperature constraint (stl.broutine DR) that is dictated by a prescribed 

rupture or strain life. The subroutine RZERO calculates the allowable in-
g 

side radius as a function of thermal power, if it is required that the 

capsule surface ternp~rature ~ot exceed a given value if the capSUle is 

buried in an infinite medium of earth. The subroutine LIMrI' examine~ the 
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dimensions of the optimized capsules for a~herence to limits dictated by 

engineering considerations. If the wall thickness or radius of the capsule 

is too suall or too large, the appropriate dimension is fixed at its 

nearest limit gIld MAX or the subroutine DF is used to determine the D8Ximum 

power function in the reDBining variable(s). The subroutine DF calculates 

a single reD8ining variable to satisfy the stress-temperature constraint. 

The program subroutine 'rBETAC calculates the rupture life or life to a 

prescribed strain of a capS1.1le Wi til specified dimensions. It 1s 'used to 

determine the life of ~psules that have been optimized en tlle baSis of 

another criterion. The subsidiary programs are WHl', which calculates the 

weight of the fual capsule; CONVERT and VSU, which convert the capsu1e 

dimension variables to and from the MAX nouenclature; and SETUP, GTAIAM, 

VECT, CONVG, otlTPUT, ARITH, Mt\iQ, and STEP, which are used by MAX. Llbrary 

subroutines are SQRT, ABS, AWG, AIDG10, Sm'Atmr, and EXP. 

The uain program, CAPSUL, l'eads 8nd vri tes all input data, guides 

the selection of subroutines for prescribed options, and prints ~rtinent 

results. The program operates in any of four sequences. Each sequence 

selection requires a complete complement of data cards and is termed a 

"case.'; There is no u~r limit on the allowable number of cases per run. 

The se~ence for a given case is determined by an input integer, 

K>P.r. The first sequence (H>P.r = 1) is used to provide a fit of tae creep 

life function (Fig. I} Q)" 8 least squares analysis of creep data. The 

second sequence (K>Pr = 2) fits the creep life fWlction and calculates 

optimum capsule ~nsio:lS for 8 prescribed iife. The third sequence 

(HlP.r = 3) calculates opt~Dllm capsule dimensions when the constants of the 

creep life fun~tion are siven as input. The fourth sequence (l«>Pr = 4.) 

calculates the llf'e (or saf~ty factor for a pre&cribetl life) of a capsule 

wi th given dimensions and Jl8tertal properties. The folloving sections 

will describe the formulation of the subroutines for these sequences and 

pr~lide input inforuet1on. A list of the program is given in Appendix C. 

3.1 least Squares AL",lys1s of Creep Data (K>~ = 1) 

This sequeJlc.e begins with the reading of the constants l«>Pl', K, 

SrGU (au)' and GAMrtIA. (.,). ;;Next, the programs readfi and stores 1nfornstion 
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frotl K data cards containing K triples [SIGMk{I), T(l), ~(l~) of 

creep and/or ulti1l8te strength date. Values of SIGMA{ I) greate~ than 

SIGU are not perm! tted. The 1I8in program calls subroutine IST3Q (wh:tch, 

in turn, calls MA'lQ) and values of the fitted consbnts (ALPHA, XM, XKO) 

are computed. The main program then computes the following quanti ties: 

1. The value of' stress, SIGB{I), predicted by the fitted creep 

life function fer each pair [T(I), TlmTA{I)]. 

2. The value of life, TBETB(I), predicted by the fitted creep 

life function for each pair [SIGMA(I), T(l)]. 

3. The larson-Miller paraneter, 

LMP{I) = T(l) loglO [(XKO)(~~{1»], for each tri~le of 

data. 

4. DLTH{I), the common logarithm of the ratio THETA(I) to 

'llm'113( I). 

5. DISG(I), the cODlOOn loga~ithm of the ratio S1GMA.(1) to 

f1:GB(I) • 

6. SELTH, SELSG, and RE51G, the standa rd errors ~n the common 

logari tbm of creep life, common logarithm of stress, and 

:relative stress, respec-civ~ly. 

The quantities SEr.:rH, SEISG, and RESlG are calculated as fOllows: 

SEISG = [ 1. 
K - 3 

RESIG = [ K : 3 
I = 1 

K 

~ 
1=1 

K 

~ 
t = 1 

1/2 

(D!..TH(I»2 ] 

1 1/2 
(DISG{I»2 J 

( 
SIGMA{I] - So1GB(I) )2 ] 

SIGB(I) 

1/2 

The program prints the valueE K .• SIGU, GAMMA, ALPHI\., XM, XKO, SELTH, 

SEISG, and RESIG and the array I, SIGMA(I), T(I), THETA(I), !MP(I), 

THETB(I), SIGB(I), DUFn(r), DLSG{I). 
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The program then reads allother data card containir~ the integer K. 

If the new value of K is greater than the previous value, the program 

reads an addi tlonr.l number of triples of creep data equal to the difference 

in the two values of K. These new data are stored together- with the 

previous data and. the entire calculat:fonal procedure is repeated. This 

procedure, which permits a sequential analysis of data which B.re ordered 

w1.th respect to one of the variables [ususlly THETA(r)], continues until 

the program reads a card with K = O. After reading a card vi th K = 0, the 

program proceeds to the next case. 

Execution time of this sequence is les~ than one minute for analysis 

of 500 (the :a8XiDlUll allowble) number or triples of creep data that are 

read in at a single ti~. 

3.1.1 ISTSQ 

This subroutinf: prepares the elements of a matrix equation for 

determi'18tion of t~e c\)nstants ALPHA(a), XM(~1), and XKO(IC) by a l~est 

squares analysis of Ule creep life function (Fig. 1). The function 1s 

linearized by writing it in logarithmic ferm (see Appendix C). ~n1s 

procedure is an approx:in8tion in the sense that the sum of the squares 

of the residuals of the logarithms are m:'.nimized rather than those of 

the or1~nal variables. 

3.1.2 Mt'lQ 

This subroutine solves the mtrix equation ~ = Y :for X uSing 

modified Gaussian elimination (pivotal reduction using column pivots). A 

CO-OP des~ription of this subroutine is given by Clark aad Kam. lO 

3.1.3 Input Information 

The sequence, M:>Pr = 1, uses only the data cards of type "£.", "b", 

and "c" , shown in Table 1. The cards of type "a" and "b" are followed 

by K cards of type "c". For sequential analysis the initial set is 

followed by stacks having 8 single care of type "b" ft:·llowecl by K'-K 

cards of type "c". HerP., K' and K are the present and immediately pre

ceeding values of K, respectively. The last card of type "c" in a case 
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Table 1. The FOrDBt of Input Data Cards for the CAPSUL Program 

Card 
Type 

a 

b 

d 

e 

f 

g 

h 

1 

j 

k 

1 

m 

n 

o 

p 

q 

r 

s 

t 

FOrD8t 

3I2 
13,2FI0.0 

3F20.0 
&0'110.0 

BFIO.O 

E10.3, 213 
9- -' . -

9F8.0 

9F8.o 

3E10.0 

4F10.0 

4~o.o 

4~o.o 

4E20.0 

4~o.0 

5I4 

4F10,O 

4~O.O 

U~O.O 

~o.o 

1,2,3,4 

1,2 

1,2 

2,3,4 

2,3,4 

2,3,4 

2,3,4 

2,3,4 

2,3,4 

3.4 

2,3 

2,3,4 

2,3 

2,3 

2,3 

2,3 

2,) 

4 

4 

4 

MOPr,NMAX,~ 

K, SIGU, GA!I4A 

SI~(I), T(I), ~.(I) 
GAMMA, RR, ~, PS, TS, H, ZM, TA 

T8, A, ETA, BETA, DEW, C, G, TAl 

WJDA, N, NN 

XCI), I = 1,9 

P(I), I = 1,9 

XX{ I), I = 2, 10 

ALPHA, YK, XM 

X4U, X4L, R3U, R3L 
SIGU, SC, SU, PHI 

Q, !)EIm, DEIX2, DEIX4 

TAU, TBI, T82, XID 
RO, X(2), X(4), TIm!' 

IX, NIAM, NITER, ITER, u.n;T 

G, C, CRr!', AIAM 

Q, DELTH, DEIDME, THMAX 

TAU, T8l, XI.:>, RO 

X(2), X(4), T8r1' 

-------------~------------------------------------------------
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is f.ollowed by 0 card of type "b" with K :: o. The last case is followed 

by a card of type "a" with M)Pl' = o. 

3.2 Calcu16tton of Capsule Dimensions for Maximum Specific Power 

(K>Pl' = 2 or 3) 

The sequence begins by reading and writing M)Pr, I~, am ~ plus 

46 nonaliy unchanging constants. If K>Pl' = 2, the progr&Dl calls the 

entire sequence for M:>Pr = I to generate the three constants in the creE;p 

life function from experimental data; if l«>Pr = 3, these constants are 

read in and \I1"i tten. The program then reads and writes an additional 29 

constants. Next, the program i tera tes (calling VSU and DR) to modify 

the initial estillBtes of X(2) and X(4) s~ch that the constraining function 

is approximately satisfied (0.3 ~ D ~ 4.0). The iteration proceeis by 

multiplying the previous value of X(2) by 0.95 if D i.3 too large or by 

multiplying the previous X(2) by 1.0; and the previous X(4) by 0.95 if D 

is too smll. The calculation stops, prints pertinent data, and proceeds 

to the next case if an appropriate value of D is not determined in 100 

iterations • 

'!he subroutine VSU generates a set of indepement variables [AIF(K) 

and their increments, DEL(K) and WEL{K)] for the MAX format from the 

capsule-dimension variables. The SE; t of capsule-di~nsion variables to 

be used in a case is determined by the integer NMI'JC. 

NKU = 1 

NMAX = 2 

NW\X = 3 

NWJ( = 4 

NMAX = 5 

Variables are RO, X(2), and X(4). 

Variables are RO and X(2). 

The outer redius R( 8) 1s specl.f1ed. This 

option is used to generate capsules with given 

outside dimensions. 

The radius R(3) is specified. 

The radius RO is to be computed ~y the sub

routine RZERO, assuming that the capsule is 

huried in an infinite ~dium. 
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The subroutine DR performs 8 numerical integration of Eq. (2) and 

generates a value of the constrain1ng function D for a current set of 

variables. The subroutine DR calls the subroutine CONVERT if' NMAX 1 0 

am ~ , o. The subroutine CONVERT reconverts the MAX variables to capsule 

d1mena10nc, depeming on the value of NMAX. If NMAX ::: 5, the 8ubroutir~ 

CONVERT calls t..~e subroutine RlERO to generate a burial-limited value ot 
RO that 1s compatible vi th the current val\\es of X(2) and X( 4). 

The _in prof~m calls the subroutine MAX if values of the var1ables 

are determined that approx~tcly satisfy the constrain1ng equation. MAX 

uses a numerical Lagrange multiplier formulation to find stationary values 

of the function W subject to the constraining equation D = C (C is ~e 

constnlin(.'(i ·l8lue). The numerical technique seeks 8 minimum in a defined 

function ySQ by JlBk1ng successive linear approx1Dlltions along the path of 

steepest descent. The function lSQ is the s~1J.8re of a vector that is zero 

when the constl~ining equation is sctisfied and +.he gradients of the 

functions D and W are parallel, the condition for a local J.II8Ximum or 

miniDlJm in the function W. The function W is to be maximized in the 

present calculation; the minimum value .fs zero if X(2) = O. The calculation 

pro\:eeds by Dflking outer and inner iterations. The outer iterations 

(counted by M) are steps in the domi..'1 0:" the function lSQ resulting from 

the linear approxiD8tion. Inner iterations (colL."lted by IS'roP) prevent 

overstepping which might result in a divergent sequence. 

The subroutine MAX calls the subroutines DR and WR to genente values 

of the constraining function D and the thermal power function W for use 

in tests and nu~rical computation of derivatives. The function W for 

e given case is chosen by the input integer NQ: 

~ = 1 

~ = 2 

~ = 3 

Themal power per un! t of projecteC: area 

(w = Wi). 
-. 

Thernsl power per unit volume of" a circumscribed 

rectangula~ paralleplped (W = W2). 

Themel power per unit of weight (w = W3). 

After each iteration, MAX wrl tes current values of the follOwing 

quantities: 
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M nUmber of the oukr iteration. 

D Value ~r the constraining tunctlon. 

W Vu.lu£' ~_\:f the thcl!'J11 powr function (WI, W2, 

..., ~.I~ -~e ... -;...;ri on ",r, \ t ....... t i 8 to be o~ (I ... S- - ~ j;>.,;;ILl&. n.g .. "i'fii.j ua _ 

-rnaxind~ed • 

YSC. 'l'ne fune-t~ ~.£t:::h has a value of zero 

~t the cesired solLltion point. The square 

of 6 vector Y. 
o - -

Z ySQ .. c:--(~qua1. to 1"SQ for C = 1). 

Y(K) 

AIF(K).1 K = 1, NR 

R(rj, I ::: 0,9 

AV2 

WT 

1fiIler ! terat10n Wi thin the 

Cnmponents of t~ sol:&1tion vector Y. 

Vall.,;.2f1 of th~ ini!epentlent -.mrtab1es and the 

Ia~ng~ ~t:!-pller. 

-

()1xter radius of the nine regions of the 

cepsule. 

length of the capsule. 

Thermal power of the capsule. 

The specific i.. ~1enral pO\ler functions. 

Weight of th~ capSUle. 

The 1~ calculation stops Yhen either the functi~n YSQ becomes 
n 

snaller than 8 prescribed c\,)nvergence criterion, (CRrl'Y=, or a prescribed 

number of irmer (M <: ITER) and outer (IMOS!' :s IS'roP) iterations is exceeded. 

It is recommended that the present type of calculation be stopped by the 
• 

number of iterations Since .it is very difficult to predict an ecceptable 

naximum value of the solution vector. The selection of a maximum allowable 

number of iterations bas on~ disadvantage; it is often the case that 

variables determined in other than the last iteration provide a better 

solution of the problem. Since th~ pr~rties of the capsule are completely 

described afta.r each iteration, the "best" set of di~nsions can be 
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determined by revie~ng the printed matter and selecting the iteration 

for which (1) the constraint D = 1.00 is approximately satisfied, (2) the 

value W is n:aximum, and (3) YSQ is minimum. 

When the MAX calculation stops, control is returned to the D'8in 

program. The last set of calculated dimensions are then e..xandned by the -
subroutine LIMIT to determine if the variables R(3) and 1(4) are within 

the preselected d01l8illS R3L~R(3) <H3U and X4L!::X(4) ~X'+v .. If the 

variables [first X(4), then R(3)] are too smll or too lar~> the 

appropriate dimension is fixed at its nearest limit; NlIAX 1s changed to 

reflect a decrease in the number of independent variables; a·nd control is 

returned 'to the uein program. If the previous value of NMAX was 1 (new 

value 2 or 4), the entire calculation is ~ated (starting with the 

iteration to determine suitable va:ues of the variables and proceeding 

into the MAX subroutine) using the last cOtr!pUted values of RO and X( 4) 

or X(2) and X(4) as initial estinstes. If the previous value of [M\X 

was 2, 3, 4, or 5, the routine DF is called to calculate a value of the 

Single reus1ning independent variable, X(2), that satisfies the constraining 

equation, DH = 1.00. When the calculation is completed, the min program 

wri tes a :finel list of the variables; these number.'s are different from 

those computed in the last MAX iteration only if the program Dr has been 

called. 

The MAX calculational procedure does not insure convergence to the 

constrained maximum value of the function W. If the investigator is 

unsure of the neighborhood of the sol~t1on point, h should submit 

several cases with different initial ~Gt\mft · c of th variables. If 

results are erratiC, t.he tolerance l1m1ta n tlw !unct::.ons (PHI and Q) 

may not be sufficiently suall . L1C menta in th variables (DELRG, DEIX2, 

and DELX4) must be chos~n such as to cause only arM changes in t~)e 

functions. 

The execution time of th~9 sequel ce for 100 iterations (inn~r plus 

outer) with 100 initial ir . .,. rements (N) in the d~maln of integration i s 

approximately 3.5 minutes. Th~ execution time is approximately propor

tional to the prod-uct of ITER ond N. 
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3.2.1 ~ 

Subroutine DR calculates the value, DH, of the constraining function, 

D, using Simpson's rule with n increments. An abbreviated formulation of 

the function, the ·more important internal dependent variables (the integrand 

and stress and temperature functions) follows. More specific formulations 

are relegated to the list of the subroutine (Appendix C). Symbols are 
defined in Appendix /~. 

TEFM 

DH = J F dt 
TNIT 

I 1 
S a a mr4 - ;:Dlr4 

F = K [ Ca u] [ a
u
r _ Sur ar ] 

x [ TA + (TO _ TA)e -A·T ] 

T4 = TA + (T40 - TA)e-~ 

AV2 
T40 = T8 + 21r.~ 

8 
~ 
LJ 

J = 4 

I 
XK{J) 

- ~. AV2 BU2 A [ 2 2. 2 B(gl] TO - .L40 + 2'ri" o f2.XK(3) In R(2J -+- 4 .• XK{2J R(2) - R(l) - 2 R(l) 1n R\lJ 

DR doubles the number of increments in the domain of integration a 

maximum of 16 times to satIsfy a convergence criterion, ERI. The input 

number PHI is compared to the ratio of the difference in the last two 

values of D to the last value 0 The state~nt "failed to converge" is 
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wri tten if 16N incre~rlts are not sufficient. The library subroutine 

S~'A~ is used to set a~or.ent1al underflows to zero. 

The subroutine DR rill accOJllr1Odate functions other than those for 

which it is priD8r1ly intended (constant stress and/or temperature and 

constant derivatives of stress) by such devices as redefining the constants, 

setting T8 = TA, and dropping terms by setting leading cOMtants equal 

tc zero. In making such formula"cion.s, one mst avoid negative arguments 

of logan tbmf3 (including values that are to be raised to a power) and 

division by zero. 

3_2.2 WR -
This subroutine calculates values of one of three specific thermal 

power functions for use as the function W in MAX. Choice of the function 

is determined by the current value of NQ _ If the subroutine 1s called 

wi th ~ ::.: 0, the values of all three therml power functions are cal

culated. If ~ = 3, the subroutine calls subroutine WilT to calculate 

the capsule weight. The three functions are: 

WI _ AV2 
- 1i-xm-R(8)-[R(8) + BETA] 

W2 _ AV2 
- 8·XLD-R(8)-(R(8) + ~]·tR(8) + DE~] 

AV2 W3 ::: .... 9,...-----
~ V(I) ·P(I) 

I = 1 

3_2.3 DF -
This subroutine uses Newton's method to calculate a value of X(2) 

to satisfy the constraint D = 1. The calculation proceeds until D - 1 ~Q. 
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This subroutine calculates RO from the following equat:tun that relates 

the outside radius of a cylindrical ~apsule buried in an infinite conduct

ing medium to the thermal pow.~:- a.nd ".;emperature difference (difference 

between the maximum capsule surface temperature and ambient te~lerature 

of the conducting medium) ~ 

8 
RO + ~ x (J) = li"..XK( 10) .XID· ( - TK) 

-1 .i ) AV2 ·sinh XID 

J = 1 

In this equation AV2 (tJee list for subrout:l.ne WR) is a function of 

RO. The variable RO is in! tially estimated by an approxinste formula and 

then calculated by iteration using Newton's method u!.L'\.il the relative 
-6 change in AV2 is less than 10 or 10 iterations have occurred. Conver-

gence is normallY accomplished in less than five iterations because the 

initial approximation is good and the derivatives I3.re computed analytically. 

If the current values of the variables X(2) and x(4) are such that RO is 

negative, RO is set equal to 0.2. 

This subroutilne examines the last l\et of variables computed by MAX 

to determine if x(4) and R(3j lre ·~thin the preselected domains 

X4L ~ x( 4) ~ x4U and R3L :5 R( 3) < R3U. If the current value of NMAX is 1 

and x(4) is too large or too small: the variable x(h) is set at its 

nearest lim! t and the entire K>Pr sequence is repeeted for NMAX = 2. If 

the current value of NM\X is 1 and X4L <: x(~.) ~ x4u, but R( 3) is too 

large or too small, the variable R(3) is set at its nearest limit and 

t:,e calculational sequence is repeated for !'{MAX - 4. I.:f the current value 

of NMAX is 2 and R(3) is too large or too small, R(3) is set at its nearest 

l1m1 t and the independent variablp. X(2) is calculated to satisfy ·~he 

constraint D :: 1.00. If the ~urrent value of NMl\X 1s 3, 4, or 5 and x(4) 

1s too large or too small, X(4) is set at its nearest limit and X(2) is, 

again, calculated by the subroutine DF. 



20 

3.2.6 WlfI' -
'l'h1s subroutine calculates the radii, length, and weight of t~.e fuel 

capsule using i:he current values of the variables RO, X(2), aDd x(4). '!'be 

\leight, WT, 1s calculated as the sum of the product of volume and densit.y 

of each region. 

3.2 • 1 vsu, CONVERT 

These two subroutines convert the capsule dimension va..'Pfables to 

and from the variables used in MAY. Depend:Jng on the current value of 

NMAX, VSU generates the variablet. AIF(K) from RO, X(2), 8M/or X(4) and 

the increDent£ DEL(K) = WEL(K) from DEIro, DEIX2, am/or DEDl4. CONVERT 

reconver-vS to capsule d.ime~ions and calls &EII) tt HX = 5. 

3.2.8 MAX -
'the MAX program, used as a subroutine in the CAPSUL program, was 

vr1.tten by F. H. S. Clark and F ~ B. K. Kam of ORRL. The reade!" is referred 

to their repo~lO or to the program list (Appendix C) for detailed in

f"oI'1ll!tion. The following vil:l describe the sequence of calculations in 

MAX and & fev changes that were _de in the pr>gram for use in CAPSUL. 

The main routine HU begins by computing numbers ttlat are to be 

used as con"~~gence criteria and setting the outer iteration index M 

equal t~ one. Subrout'!!le SETUP is then called. ~, vh1ch calls the 

subloutines DR and W, produces values of the !'unctions D and W and all 

tl:eir first and SE:~ond derivatives at r.he current trial set of indepeIKlent 

vari$lbles, ArF{K). When control returw; from SETUP to MAX, a test is 

IIIlde on the 1 npu't munber NIAM. If' IfT.JU.l = 0, the subroutine GTAIAM 1s 

called to generate an initial estimate of AUK, the Iagrange mul.tipl1erc 

A value of" lfiAM other than zero signals that the 1n1 tial estinete of 

AIM has been provided as input. Subroutine \"ECT is called next to 

generate compor.~nts of the solution vector Y. 

::>~bl"outine CONVG is next called. This subroutine tests GO determine 

if YSQ is less than th~ product of G « 1) and its value in the previous 

i"'eration. If e~.ther (1) M is equal to one, (2) YSQ 1s le'3s thJJ.n the 

computed product, or (3) the input integer I.M)ST is equal to zero (a 
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change), an index, ;]WAY, is set equal to one. If thece criteria are not 

satisfied, JWAY is set equal to zero and the components of the step t~at 

was last nsde in the dons1n IJf the function Y are mu1 tiplled by 0.5. The 

index JWAY is set equal to -1 if the number of these (JWAY = 0) inner 

i teratlons has exceeded the input integer, li·DST. 

After corwG, subroutine OUTPUT 'lTi tea current values of the pertiil'~nt 

indices, variables, and functions and returns control to MAX. The MAX 

program then tests the index, ;]WAY, to determine whether to stop the case 

and proceed to t~e next one {JWAY = 1), to try an inner iteration ',iith a 

reduced step in t!:le domain of the function (JWAY = 0), or to procee.i With 

convergence tests (J'WAY = 1). If' JWAY = O!' the function lSQ is reevaluated 

with the reduced increments until either the conditions for ~~Y = 1 or 

-1 are met. 

If' JWAY = 1, tests are uede to determine if' the trial solution is 

converged or if the prescribed munber (ITER) of outer iterations in M 

have been uede. If either of these questions is answered affirnstively, 

the calculation is halted and input for the next ca£e is called. Other.dse, 

oubroutine ARrrH is 'called. In thl.s subroutine elements or a matrix (A) 

are evaluated at the new trial pOint. Next, subroutine Mf\'lQ is t!slled. 

This solves for X the D8trix equation (A)X = Y. The index M is increased 

by one and subroutine STEP is called, With subsequent operatiOns follol."1ug 

as previcr~ly described. 

3.2.9 Input Info~tion .. 
The sequence for K)Pr = 2 or 3 requires, in order, one each of the 

data cards "all and "d" tnrough "ill (Table 1). For MJPI' ::: 2, these initial 

cards are followed ~jy cards of type '~" and "c", stacked in the sa~ order 

as for t«JPr = 1; again, the last card O.L~ type "c;" is followed by a card 

"b '" with K = o. The next card, of type II j ", is included only if MJPl' = 3. 

Or..e each of the reneining data cards of type "k" through "q" then follows 

for either ~fJPr = 2 cr 3. Tae las t case is followed by a card of type 

"&" vith M>PI' = O. The input cor~tants T81, TAl, and !'IN are not 11sed 

for MJPT = 2 or 3; consequently, the~e fields may be left t~arLk. 
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3.3 Capsule Lifetime Analysis (MlPr = 4) 

This sequence begins by r~ading and wr _~ tlng 67 input constants} the 

first of which is l«>Pr (NMAX and NQ muat be zero). The program then calls 

t.'le subroutine TRETAC. This subroutine uses the· subroutine DR and Netri.on' s 

~thod with an icitial estimate of life, Tlmr, to calcula";e a value of 

the resultant life, THETA, that satisfies tlle cOMtraint D = 1.00. In 

this case, D is the sum of two i'l.tegrals. The first integral, over the 

time domain from z~ro to the input number TAU, uses the value T8 as the 

in1 tial steady statE: temperature of the outer surface of the capsule and 

TA as the temperature ~f the environment. The second integral, over the 

tiue period TAU to 'fRET, uses T8l 8S the initial (tiDe zero) steady stat~ 

temperature of the sui-fsce of the capsule and TAl as the temperature of 

the environment. A value of TAU = 0 sets the first integral equal to zero. 

If, on any iteration, TBET is larger than an input consUint, THMAX, 

and D is less than one, TBET is set equal to TBMAX and a new variable, 

OMEGA, is computed by Newton's uethod to satisfy the constraint D = 1. 

OMEGA is a number that mltiplies the safety :factors SC and SU. 

After each iteration, the program writes the current values of either 

THETA, D, and the contribution of tile second integraJ_ to D; or THMAX: D, 

and OMEGA. The calculation stops am returns control to the main program 

when D - 1 is less than the input number, ~. 

Execution tiue of the progr6Il with N = NN = 100 is generally less 

than ~O seconds. 

The sequence fo!" MOPr = 4 requires, in order, one each of the data 

cards "a", '~d" through "j", "1", and "r" through "t" (Table 1). The 

last case is followed by a card of type ua " with MOP!' = O. 

4.0 REStmrS OF ANAUSlS OF CP~ DATA 

Creep data for several alloys he- re been analyzed to confirm the 

applicability of the model used in the CAPSUL program. Tf!_e following 

sections viII present a statist1.cal analysis of the preuicted creep life 

functions for thre~ commercial materiels, an analysis of the errors in 

time extrapolations, and results obtained in predicting constant stress 

rat~ da~~ from conventicnal, constant stress, creep data. 
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4.1 Predicted Creep L1fe Functions 

Creep +ire functions for three commercial alloys (304 stainless 

steel, Hastelloy N, and Cb-l1» Zr) were generated using the MOP!' = 1 option 

of the CAPSUL progr&:::l. The fl tted creep life fu.."lction for rupture of 

304 stainless steel (Fi.g. 3) was made using 189 reduced creep data p01ntsll 

for 18 heats of bar aM pJ.ate, covering the tcmpe:ratu...~ domain from 900 to 

1100o.F and rupture life to 100,000 hr. The ~ported aata, at decade 

intervals, were generated by interpolation or extrapolation of the larger 

body of experi.DJ!ntal creep data ~r a given heat of mterial and tempera-
~ 

ture. Only three of the loo;'OOO-hr data poin";;s were obtained from experi-

ments terminated at apprax1.mtely 100,000 hr. The other thirteen data 

pOints were obtaIned by extrapolation of data from experiJJents terminated 

at earlier tiDes in the 10,000 to lOO,OOO-hr decade. The constants 7 and 

C1 were choeen prior to the least s<ll1ares analysis to force a fit of the 
u 

ultimate strength VB temperature (O.l-hr rupture) data in the temperature 

domain above 4ooo:F. A p8rBJEtric plot of the derived creep rupture 

function (Fig. 4.) shows that t he fit is good over the entire range of the 

\~~ables. The frequency diSliribution of the error (Fig. 5) in the 

logsri thin of the measured life and stress with respect to values predicted 

by the fitted function is approximately gaussif.:l.n. The distribution of the 

error in relatiVE: stress is also approx1DBtely nomal; the relative standard. 

error in stress is 0.17 (6~ confidence level). 

The fitted creep life fUnction (Fig. 6) fo:r 1'Upture of Hastelloy N , 
, 12 13 

(maR-8) was mde USing 93 dBta pOints ' for li,\pe heats of rods, sheet, 

and plate, covering the domins in temperature t'rom 1100 -to l800o.F and 

rupture life to 14,400 hr. A parall~rtric plot of the predicted function 

and data at four temperatures is shown in Fig. 7. In this case, the 

distribution of error (Fig. 8 j is not gaussian, but the frequency peaks 

ora both sides of the fitted function. This phenorenon is explained by 

the fact that apprOXimately half of the data were obtained with the 

commercial Hastelloy N alloy which is somewhat stronger than the initial 

vers1cn of the alloy, which was called INOR-B. If it is assumed that the 

frequency distribution is gaussian, the relative standard error in 

stress is 0.16. 
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Fig. 5: Distribution of the Error in the Logaritlun of Measured 
Rupture Life and Stress for 304 Sta1r~ess Steel with Re~ect to Values 
Predicted by a Least-Squares Fit of the Creep Rupture Function. Area 
normalized to 1.00. 
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Fig. 6. Mast.er Larson-Miller Plot for Creep Rupture in 
Hastelloy N. 5 heats. 93 data points. 1560 ~ T ~ 2260. 
e ~ 14,400 hr. 
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The creep life funct1un for rupture of Cb-l~ Zr (Fig. 9) was 

generated using data14,15 from 25 heata of sheet, bar, and plate, covering 

the temperature douain from 1600 to 2200" am ruptw:-e life to 1733 hours. 

The abnormally large amount of scatter in the data, shown in the parametric 

plot (Fig. lO~, is caused, pr1DBr1~, by changes that were made in the 

c031Jposition and beat treatment of the alloy that resulted, accidentally 

or deliberately, between the periods of t~sting • . The frequency distribution 

of the error (Fig. ll) is approxiD8te~ gaussian. The relative standard 

error in stress is 0.14. 

The analysis of these creep data indicates -that the general creep 

lite fUnc.tion chosen for the model can provide a good description of 

cons~nt stress, constant temperature creep behaVior in 304 stairilesB 

steel, Hastelloy H, and Cb-l~ Zr. Based on the results of others4,5 who 

have correlated creep data with the larson-Millar parameter (but, generally 

not extending the fit f.i}.to the ultill8te strength range), \Ie assume that 

the same conclusion will apply to I18ny other L:.::: tals and alloys (probably 

including most alloys of copper, nickel, iron, alum1mun, snd the re

fractory l'1etalS). It is apparent from the analysis that the ultimAte 

strength data are useful. for complementing the creep data in the high

stress, low-temperature region. 

The parametric plots of the fitted. functions and date show thfJt 

the distribut:f.on of data with respect to the fitted functions tends to 

be random. in that the :relative error does not vary Significantly over the 

dOll8in of the variables. In general, we have found that the freq".lency 

distribution function is most nearly gausP~9n when either one heat or 

nany heats of an alloy are analyzed. There may be significant deviation 

from. gaussian behaVior if only 8 few heats of material, of "Tarying 

properties, are analyzed. 

4.2 Analysis of Errors in Time Extrapolations 

The accuracy of the IiWdel for extrapolation of' creep life in the 

threE': commercial alloys ws inve~t1gated by making fits of constant 

stress and temperature creep data with rupt"i.lre life less than a selected 

time; using these fitted functions to predict the stress as a function of 
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temperature to cause rupture at 8 greater time; and comparing the pre

dicted stress vi th the actual average stress which caused failure at the 

greater time. The accuracy of the extrapolation; expressed in terms of 

the . D8XiDIL1m relative error (or bias) in the predicted -stress as a functIon 

of temperature, is then compared to the standard error (errOl at 67 :c>ercent 

confidence level since the distributIon of stress data is approx1mBte~ 

gaUSSian) in relative stress caused by the nOrD8l scatter of data about 

the predicted best-fit function. The model is then mown to prcrlide for 

adequate extrapolatioI! of creep wi thin the tiE range such that the bias 

in the predicted stress is E·JIf!ll as compared to the stendard error. 

The first column of Table 2 shows the JlBtertal, n.umber of heats, and 

teJll!)erature range of the creep data that were analyZed. The next two 

columns shov the values of the selected times and the corresponding number 

of data points (with rupture lif'e less than the selected time) for which 

best-fit functions lIere evaluated. The fourth colu!Dn phovs the values of 

rupture life for which stress as a function of temperature was p:redJ.cted 

by the JOOdel. The 'fifth column shows the standard error in relatiYe 

stress for each of best-fit functions. '!be last column show the JDUjDlJm 

bias in the predicted stress, defined as the ratio of the DBXiIIIlm dif'

f'erence between the predicted am Dean-Measured stress to the mean-Deasured 

stress vi thin the temperature range of the experiments. 

Two very striking, but tenuous, conclusions uey be drawn bas.ed on 
-. 

the results of Table 2. 

1. It sppears that,f'o:.: a large number of metals, the present 

creep axle1 can provide a fit oi' creep data such that the 

standard error in. relative stress will not exceed 15 to 17 

percent. Kuovledge of the statisties of the fit and the 

f'requency distributioa function will permit the chOice of 

8 deSign stress for a predetermined confidence level. 

2. In each of' the commercial alloys analyzed, the bias in 

predicted stress for 8 long-time extrapolation becomes 

small, USing only 100 -;:0 200-hr creep data. For these 

allO'J;;, the cree~ ~.ata fol' ti~s greater than 100 to 200 

hours is superfluous. The data seem to suggest that if 



Table 2. Statistics and Predictability ot Creep Rupture Data for Several Alloys 

- ... -
leximum Life to Relative Maximum Absolute 

Material No. of Lifetime be Standard Relati",c:' Bias 
No. of' Heats Data in Data Predicted Error in in Predicted 
Temp. Domain, ~ Points (hr) (hr) Stress Stress 

.. • 

304 Stainless Stee 18 
15 10 100,000 0.03 -1.0 
63 100 100,000 0.13 -0.10 

18 beats 123 1,000 100,000 0.14- -0·09 
900 ~ T :S 1100 1'73 10,000 100,000 0.16 -0.05 

189 100,000 100,000 0.17 0.0 

?6 100 10,000 0.16 0.2 
Haete110y N 40 200 10,000 0.16 0,,08 

55 500 10,000 0.17 -0.04 5 heats 69 1,000 10,000 0.16 -0.02 w 
1100 :s T ~ 1800 \J1 

81 2,O'A 10,000 0.16 0.008 
93 J.5,ooo 10,000 0.16 0.0 

49 80 1,500 0.09 0.25 
Cb - 1'" Zr 66 150 1,500 0.10 0.07 

25 heats 83 300 1,500 0.12 -0.04 
1600 :s T ~ 2200 ~ 150 1,500 0.13 0.05 

104 1,800 1,500 · 0.14- 0.0 

a 
Note use or previously reduced data describe,! on p. 23. 



creep data al"P. available that span two to three decades in 

time (I to 200 hours I tor u.ample), then a ti tted function 

can be detemined that 11111 permit extre.q lons extra

polations in time with the error at the atrapolat1oD being 

less than the normal scatter in DOlerate-t1llle ereep rupture 

data. '!bis conclusion assumes, ot course, that the long

term environment is the same as the test environment If 

'!'be data also suggest a posL_ble method tor avoiding exper1ments 

at wmeces88rily long term in creep determ1nationp • The creep program 

would begin by generating tirst short t~; then, progressively I longer 

~!.dIe data. The composite data would then be fitted, sequentialq, as 

each nev, longer-time data poln'l, ~.s generated; aDd the fitted function 

would Ce used to predict the cocdi~lons to cause failure (or a given 

strain) b t a very long time (perbdps 100,000 hours). The creep p:08'-"am 

would be term:l.nated when sufficient data are generated such that sequen

tial data cause sD811 and randOJt& (as opposed to monotonic) changes in 

the predicted condi tiona to cause long-term fa llure • 

" .'~.3 Ana~is of Constant Stress Iete Tes'GS 

The accurocy of the model in predicting Cl'Pep, under condi tiona of 

varying stress, ws investigated by ana~ing constant stress rate tests 

with the CAPSUL program. The ti:ze to rupture of the alloy T-222 and 

time to 1 percent strain of the alloy FS-85 exposed to a constantly 

increasing stress rate and conatent temperature were c;alculated (Fig. 12) 

using a creep life function that ~~s generated using conventional creep 

and ultimte strength, data9, 16 over a wide r~nge of stress and temperature. 

Th.: predicted stress rateb agree Yith the !1Easured data for the 31101' 

T-222 within exyexoinental error. A.greenent with the Fs-B5 data is satis

factory, but it appears that the :predicted results are biased at the 

particular temperature' at which the experiments wre conducted. 

McCoyB has ar..alyzed these sarre creep data using a simpler, but less 

general, IOOdel. McCoy fitted conventional creep data, at the specific 

temperature of interest, by a~sum1ng that the logarithm of stress is 

linearly related to the logar:!. thm of the creep life, an assumption that 
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~g. 12. Predicted and Observed Creep Behavior of T-222 and 
FS-85 at a Constant Stress Rate and Constant Temperature. 



1s equivalent tr the 8'lsumpt10n usPd in the present method if the ~r

ature i8 high. ~C ~y. ~ predictions are also good, but no better than 

those predicted by the present method in s~ 1 te of the fact that his model 

was based on data only for the specific temperature of interest. McCoy 

required two equations to provide a good fit ot the FS-85 data over the 

stress rate d0llll1n ot the experiments. 

The procedure for det.errr~n1ng the l-percent-creep function for the 

FS-85 is shown as ,. . example 0'1 the K>P.r = 1 sequence of the CAPSUL 

program in Appendix B.. :\lf~ show is one ot the constant stress rate 

calculations tor rup:;"ta."e a£ the T-222 alloy as an example of the K>Pr = ".. 
sequence. 
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A, AO, A2. 

AIAM, AIF(lX + 1) 

AIF(K), K = 1,19 

ALPHA, a 

AV2 

B~A 

CRIT 

D, DR 

DEL(K), K = 1,19 

DEIDME! 

DELTA 

DELRO 
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APPEL'IDlX A 

Units and Glossar,y of Symbols 

length 

Mlss 

Units 

Time 

Tempera ture 

Heat 

Symbc .' .! 

inch 

pound 

hour 

d~grees Rankine 

Btu 

Thern:8l power per unit of fuel region. 

The lagrange multiplier. 

Independent variables in ~X. 

The fitted value Qf creep stress for a 
larson-Miller parameter of zero. 

Thern81 power of the fuel region. 

One-half the surfa~e-to-surface distance 
between parallel columns of capsules. 

Constrained value of DH. 

An input value of a convergence cri terioll 
for MAX. 

Value of the constraining function, Eq. (2). 

The increment in the variables AIF(K) L~ 
ca lcula ting DH. 

The increment in OMEGA. 

Th~ ~kness of 'the stl'"i.lctural liner t:lurround.1ng 
the capsule. 

The increlmnt in RO. 



DEurH 

DEI.X2 

DEIX4 

DLSG(I), I = 1,500 

Dur.R(I), I = ~,500 
E 

ETA 

F 

G 

GAMMA, ., 

H 

I 

rrER 

IX 

J 

JAM 

K 

L 

I2 

14 

IAM!)A, ~ 
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Th€ increment of THET. 

The increment in X( 2) • 

-The increment in x(4). 

The common losarithm of SIGMA{I)/SIGB(I). 

The common logeri tbm of TBm'A( I) /THE'l1J( I) • 

Capsule ~ld efficiency. 

Volume fraction of ses space in the fuel 
regIon. 

Integrand of the cons'training fun ' ~tion. 

A number slightly less than 1.0 in the 
convergence criterion fer ~~. 

A constant in F, usually 1.0 or 2.0. 

Weight fraction of alpha-emitt:.:.._'lg isoto:t>'~ 
in the fuel. 

An index. 

leximum number of outer iterations in MAX. 

Number of independent variables in M4X. 

An index. 

An integer that counts and limits to 100 
the number of iterstions to adjust input 
estimates of X(2) and x( 4) such that 
0.3 ::5 DH <: 4.0. 

~ximum number of data points in ISTSQ. 
Elsewhere an index.. 

An index in TBEl'AC. Overa 11 lengt.h of the 
fuel capsule in the main program. 

Length of fueled section of capsule. 

Length of the straight section of the 
capsule. 

Decay constant of the radioisotope. 



OOST 

• tMP(I), I • 1,;00 

LSTOP 

M 

l«>Pl' 

Ii, NN 

NITER · 

t 
I NNN 

NR 

OMEGA, XK( 1) 

P(I), I = 1,9 

PHI 

Maximum n\!l11ber of tm~'?l· i. terot,ions 1n MAX. 

Value of the IJ:&rson-trJ.ller parameter. 

An index which counts inner iterRtlons in 
MAX. 

An index which counts outer iteration& in 
MAX. An index in RZERO. 

An input index which decides the sequence 
to use in the main program 

The initial numrar of (even) increments for 
S1mps~n fS rule :f.ntegration in DR. r.:r 
MJPr = .2 or 3, N is the initl.al number of 
increments in the time domain 0.0 to TEET. 
If MOPr = 4., N is the inj.tial number of 
increments in the domain 0.0 to TAU and NN 
is the initial number of increments in the 
domain TAU to TEET. 

An input index to det~rmine if a convergence 
criterion is to be used in ~~. 

An input index to deternrin~ if GTALAM is to 
be used to estimate the initial value of 
the IBgrange m~ltip11er. 

An input index that specifieR the set of 
independent capsule dimansiolt variables 
that are subject to optimization. 

An index that causes additional creep data 
cards to be read and analyzed by LSTSQ 
~ogether with data previous!y in storage. 

An inpu.t index that decides the functior .. to 
be maximized. 

The index of the Lagrange multiplier, IX + 1. 

A number that multiplies the safety factors 
SC and SU in T~C to satisfy DR : 1.0 if 
THE,T > THMAX. 

DenSity of the material in region I of the 
capsule. 

An input \:onvergence criterion for the 
Simp~on's Rule integration in DR. 
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In! tial pX".!ssure ir_ the fuel capsule. 

-:An input convergence crt ter len on DlI :for 
use in the BUbl"O\:t1nes DF ani ~~C. 

Outer radiu: 01 regIon I of the capsule. 

- . 
~ standard error in relat:f.ve stress for 
the fitted creep life-function. 

-- -
The outer radius df t~ ~ void region of the _ 
cppsule. 

The impos-ed lower 11m t for the outer radius __ 
of region 3 of the c8psu~e. _ _'"__ 

The ' imposed . u"9per limit, --ror tl£ ~lT.er radius _ -
of regia!! 3 of the capsule. .-

- r -- . 
T"ne safetY ;fac~r. on creep st~ss. --

The. Gta~rd error in the cti~- lo~rithm 
. qf" creep, life for the-1)tted creep life 
function,, - :.. - --

The s'btndard ,;error!-1n the common logarithm 
~f stress ~for the-fitted ~reep life func~ion. 

- ~ -- - - - ~ 

-= The ~lue of' str,ess predict~_ by, t~e 1 -i tted 
-creep lif"e ' funct-f-on -for thft -veiues T(l) 

. and 'lllE:M( I). ~ _ ' -~ __ :: 

-The E8SUred value 'of -st~~ss in the -"input 
~reep data. 

The Current vd1ue ~f stress ,as a function 
of time in DR. 

An ~os~d u~r limit on st~ss as a fupction 
of the ' Larson-Miller paraneter. ;. 

,-. 
.The safety factor on SIGU. 

Time since applica'i..::.Jn of' the stress. _ 
- . 

The measured value of absolute temperature 
in tr.e creep c.ata. 

Ambient teJlI!lerature of the earth (MOP!' = 2 or 3) 
and the first env:.ronnent (MOP!' = q.). -

;. 



TAl 

TAU 

TR~-.rr, THETA, e 

TImrA(I), I = 1,500 

THETa(I}, I = 1,500, 6 

TBMAX 

TS 

TO 

T4 

T40 

T8 

TBI 
" 

Ambient temperature of the SE'(Ol..i environment 
(MOPT = 4), see Tal. 

L1feti~ in the initial serv.~e environment 
for use in ~C. 

The upper limit of the integral in DR either 
TAU or 1'HET. 

Resultant life of the t"-lel caps~le exposed 
to varying stress and temperatu:r.~. 

Tne !Deasured value of :ile to 8 prescribE.d 
creep criterion in the input creep data. 

The value of life PreSicted by thE; fitted 
creep life function ~or the values SIGMA(I) 
and T(l) . 

An imposed upper limit on the :value 01" THE*': 
in THE:l'AC. 

The 10ller lim! t of the integral in DR, either 
zero or TAU. 

TeDp!ra't11l"e of- the ga~ wiler: the capsule is 
sealed. 

The initial steady state teDq)erature o~ the 
helium c:;as in the fuel capsule as calculated 
in DR. 

The instantaneous value of the steady state 
temperature of the inner wall of the priDBry 
structural mterial. 

The initial steady state temperature of" the 
inner wall of the prinery structural uaterial. 

-
The imposed. !!litisl st~ady state of the outer 
SUi~ace of ~he capsule. ~n 1'm:rAC this is 
tL.: in1t:r~.L temperature in the time period 
zero tr TAt! . 

In su} 'routine TlIETAC the impos'!d initial 
stead) state temperature of the surface of 
the fut.l capS'11~ :::1 tte tine period TAU to 
THETA eX,l-''ressed a! tht: temperature at zero 
time (i.e., at full thenrel power). 

• 

• 



• 

T82 

V(l), I = 1,9 

vo 

V2 

w, WH 

WEL(K), K :.:: 1,19 

-Wl 

W2 

XCI), I = 1,9 

X(K,l): XX(K,l), K = 1,19 

XID 

XM, m 

VXO, YK, H 

XK(l), I = 2,8 

XK(lO) 

X4L 

/ 
I 

The initial steady state tempe,,-ature of the 
surf~ce of the capsule assuming that it be
comes buried in all in:f1ni te medillDl of cnn
ductivity XK(lO) at ZP.l'O time. 

Volume of region I of the capsule. 

Vol.ume of tbe void region. 

Volume of t..be fuel reeJ on. 

The specific thel"llBl po~r function that is 
to be maxim1zed (WI, \12, or WJ). 

The increment in the variables AIF(K) 1n 
calculating W. 

Weight o.f the fuel capsule. 

Ther.I81- power of the capsule per un1 t of 
projected area. 

Thenu1 power of the capsule per unit of 
volume of a circumscribed rectangular 
para1lep1ped • 

Thermal power of the capsule per un1 t of 
weie-llt. 

Thiclme ss of region I of the capsule. 

An increment in the varia".lle AIF(K). 

The <rlera11 length-to-dla:;E!-rer ratio ~Jt' T · ....... 

capsule. 

A fitted constant in the creep life function. 

A fitted constant in the creep life function. 

Thel"llBl co'l4uctivi ty of region I of the 
capsule. . 

Thickness of the capsule bushing (see Fig. 2). 

Temperature averaged themel C600uctivi ty- of' 
the infini te medium in -which the capsule 
is iDJDersed. 

The imposed lower li.mi t on tte thickness of 
the priI!8ry structu!1ll DSte~ial of the 
capsule. 



x4u 

YK 

ZM 

0 

1 

2 

3 
4 

5 
6 
''7 , 
8 

9 
10 

The i.lbposed uPJler limit on the thickness ot 
t.he primry structural _terial ot the 
capsule. 

See X~. 

The square ot the vector Y, which is the 
function m1n1m1L;~1. in WUC. 

At~Dd.c weight ot the alpha-emitting radio
iSotope. 

Capsul..e Regions (F~. ~ 

Helium 

Inner f'ue 1 liner 

Radioisotope fuel 

OUter fuel liner 

Primry containment vall 

Diffusion barrier 

Gas gap 

Corrosion barrier 

Radiant coating 

Fuel spacer 

An 1n:finite heat conduct:1.Dg medium 

, '. 
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APPENDIX B 

Example Problems 

Bl. K>Pl' = 1 

This sequence is used to generate constants in the creep life 

function for ! percent strain in the alloy FS-85. A photograph of 

the output is shown in Table Bl. The creep data are the 28 data points 

(K = 28) reported by Stephenson.16 
The ult1DBte strength at room 

temperature (SIGU) is ta~n to be 80,000 psi. A m:xlerately largf' value 

of 2.0 is chosen f'or the constant GAIM\ to provide a rather abrupt 

change in the behaVior of' the function in the transition range. Show 

on the second and third rollS of the output are the computed constants 

(AIPBA, XX, XKO) and the standard errors in lif'e and stress (SE:mll, SEISG, 

and RESIG) relative to the i-\.tted t\mction. The array of' baSic experi

mental data [SIGMA(I), T(I), THETA(I)] is shown in columns tvo through 

f'our of the output. other columns list pertinent calculated results 

[IKP(I), THE'l1i(I), S1GB(I). DI!l'H(I), and DISG(I)] for each data pOint. 



I, I' 

1 .. ··. - • 

( . 

I' ,. ' 

;:0. Table Bl 

I<.w 28 
ALPHA • 
SELTH • 

SIGU· 80000. GAMMA. 2.00 
0.336050E 08 XM .---0.q168~7~6~e~-0~~~---XKO-. 0.lJ3654E 14 
0.418331E 00 SELSG· 0.914960f-Ot RESIG. 0.202662E 00 

I SIGMAel. Telt THETA'I' LMPCI' THETBel' SIG81.1' DLT"C.' DLSGCI' 
1 35000. 226C. 4.10 0.31050E 05 0.11064E 02 O.41041f. 05 -O.4311IE 00 -O.641s1E-01 
2 30000. 2260. 24.00 O.32184E 05 0.26966E .02 0.30621E 05 -0.50602E-Ol -0.89825E-02 

--=3- 25000. 2260. 128.00 0.3~427E 05 O.13123E 02 O.22490E ' O'--·-~4316E 00 0.4!943e--Ol 
4 22500. 2260. ~05.00 0.3~88qE 05 0.12171E 03 0.20'44£ 0' 0.20554E 00 0.3950~E-Ol 
5 21000. 2260. 470.00 0.35704E 05 0.lS296E 03 , 0.11467E 05 0.40975E 00 0.8000'E-Ol 
6 2~000. 2460. 0.14 0.31968E 05 0.44193£ 01 0.3533'.E 05 -0.77612E 00 -·0.15025E 00 
1 20000. 2460. " 6.30 0.342156E 015 0.12936E 02 0.23247! oj -0.31241£ 00 -0.65341£-01 
8 11500. 2460. 32.00 0.~5q93E 05 0.2410ZE 02 0.16478E 05 0.i2131E 00 0.26122E-Ol 
9 15000. 2460. ).110.00 0.31312E OS 0.49364E 02 0.12587E 0; 0.34799E ·· 00 0.16154E-ol 

10 14000. 1 24060. 130.00 0.37490E 05 0.67727E 02 0.121331: 05 0.28311E 00 0.62165E-01 

, 

11 .13nOO. 2460. 130~00 O.37490f 05 d.'4'83E 02 0.12133E 05 0.13630E 06 O.2'9HOE-Ol ~ 
12 10000. 2 .. 60. 600.(\0 0.39124E 05 ,O.31147E 03' 0.B6428E 04 0.284731: 00 0.63345E-Ol \0 
13 11500. 2660. 0.75 0.145831: 015 ' 0.,19628E 01 0.21S18E 05 -0.41182£ 00 -0.9iJ112E-Ol 
14 16000. 2660. 2.50 0.35974£ 05 0.~8826£ 01 ' 0.~6542E 05 -0.61841E-Ol -0. 14460E-Ol 
15 15000. 2660. 4.00 0.36517E 05 0.31946E 01 ·0.14815! 05 0.22890E-Ol 0.~3835E-0~ 
16 12500. 2660. 1~.OO 0.38044E Oi 0.a1978E 01 0.10a21E 05 0.26239£ 00 0.62632E-OI 
17 10000. 2660. 55.00 0.jQ544F 05 O .. 208'1t'6E 02 0.79165E ,Oft o.42133E 00 0.10141e 00 
18 9000. 26bO. 80.00 0.39977E 05 , 'O.32309E 02 0.12310E 04 0.39376E 00 0.95044E-OI 
lq 1000. 2660. 121.00 O.4045se 05---~.91,485E 02 o.6~1t18F 04 0.12144E 00 0.29402E-OI 
20 1000. ~66~. 200.00 ~ 0.41036E 05 '0.91485E 02 0.57914E 04 0.33968E 00 0.12313E-01 
21 5000. 2660. 152.00 0.40,719E 05 0.36632e 03 O.61900E 04 -0.38201£ 00 -0.92720£-01 
22 5000. 2660. 205.00 0.41064E 05 ~.36'32E 01 0.57568E 04 ~0.252101: on -0.61213E-Ol 
2J 2000. 2660. 1000.01\ b.4z'CJ5E ?,,¥ ".(5ttl! 05 a.3ff'SE 04 -0.if984e 01 -0.29190E mr 
24 10000. 3060. 0.30 O.38565F. 05 O.26964E 00 0.97091E O~ O.46338E-Ol O.12795f-OI 
25 8000. 3060. 1.10 O.4029ZE 05 0.60340E 00 0.61694~4 0.26079£ 00 0.12~17E-~ 
26 6000. 3060. 3.60 0.41868E OS ' 0.16956E 01 0.48623E 04 0~,32.97e 00 0.91306F.-Ol 
27 ;500. 3060. 20.00 O.441it-n .05 O.116~6E 02 0.]0088£ t~4 d.2]"'E 00 0.65669£-01 
28 1000. 306~. 280.00 0.47654E 05 0.101'5! 04 0.14357£ 04 -0.55995E 00 ,-0.15107E 00 

, I ' ( , 
\ .. . " . \ I ( 

"~"""". \ ' i, ,,~ 
t ;\ I, .. ,.. , " 

'\ ''''"', -..... ,', " 
II I i l 

" . 

" , 

" 
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B2. M>P.r = 3 

This problem requires determination of the d1lllensions ot a capsule 
244 

for ~03 fUel ha"'ing .lI8X1.mum power per unit at volume. Restrictions 

')n the capsule are: (1) The primSry container IllAter1al, :fUel liners, and 

the buashing are to be _de of Bastelloy N. (2) The fuel liners and 

bushing a:re td be 0.010 in. thick. (3) The outer EtUrtace temperature of 

the capsule is not to exceed 2l00~ U the capsule ~comee buried in dry 

'38nd (XK(10) = 0.0167] 1IIInedlate~ atter - ineap.8UlAt1On~ ~- (4) The capsu-~~ 

.is to be desIgned su,~h that the -:proLab!i-1tY~~-~~~~ ~:.5o.-!rears is 
_ -~ ~ _i: - ~ ... - --: .~ _- ' . .: _ ... -- --_.. . 

q.OO1. This coMitI()n .(see ~c~{ 4)~ _-i.li :o~rox~A~1Y: ~t~sf'led by.i .. es1gn-

1ng tor rupture in 5 ye8;PJf=~1!lj~.· -~~_sl?- .~e~ f~'~oi o~- ~ .. o. ' ~ 6;) 
- 0.05:S X(4) s 0.5, 0'.OL~-R(3i_:~-3:-~o!~·~'; --'_~~,-~: - ~ ::--- " ~~! z - " 0-= ~: ; 

- - --:;: .-..... .....'--' .. -::-"': -. .. ~ ... .' - .- .. - ", - ' 
- The input d8tG -:for .... tf4,s ~dblem -~ ·.talt-l.11&1;ed ""lr. -tJi! first· ~-9 0 1'\7,,-S 

-- .... - -. ~ ----,_ J -... - __ - .' ~ ... --_~ _ 

of the printed_ '~w~1~ ~:;-: r~1 ti81'~~ti_tez :-Qt::the va~~ble~ R).,_' :7:: 
X(2), a~ x(4) a~ :-~~t o.~pe~~~·~:1~;··~SPectivqli: . In_ ~i.~;b~~~ ~~==_o~· 
is cllosenc to~uk;t~~~( '~:~~O)~ '~ w-~ ~ ~L~1;~~-MiC 
The variables and their) i~~n'ta f.or · ~~~ ~n this :7alcu18t{bn- are :w- -'- ---
sDilll tliat~i~~1<?~ ~l~i~::~~{ine~ f81:.~~~~~'J:\~ ";:~ ~~?o~:';? 
8I~i~~ t~ IB)(~m~=~-ie~ ~only scvp-n ~igDiff~;t>~~iii~-.r~ ::~ o~~ -; 

- ___ ~-" _ r , .. ... ---.....: : _ -... ~:~~~ _~-=-~_ .~;~ _ :: ." -:0._, ~ • .I .• ..,--~ :~ ~~ ~ ~ : .... 

this· p';""'~-;;;;~ -, . r . _ '" '=::0"- " • ;> . : - !- - - - 0 
~~~. ~ :.: "'~ . __ .: -: ~ "?:-" ____ =).; -,."";-/ _ -;.- .0.: _ ....J •. -. 

The:.: .~j~~"j_~~~~o:'~£~ '~{5! : ~~ fQr vh1ch the~~~t~!ii l~~oi~~Q006) 0 

Is s8~i&iie~~ndr;i;8~~reml '(~~ ":~~ ~~~3_ llC~»-°"1't\~fi;tion"'· ~'~~ __ o~ 
- -:; . .-/'" ........ ~ - ' . 7> - - - - - -~ .----..,. ~.- - ~ . 

numbe~ .48 _ (~ :: '~gl. ~ ~'t.eratj.c.:1S t;~~f2.1~ r pivftu.~ ~-~ .. t ~~~o:e~tee 
- - . __ - ~ "-.-.,. - -!. - ,.1 ! _ _ - _ ,-: ... ; ""-- ... -;' -. ". _ ---- : . _ 

val'.le3 ind!'~o1.ng .~~ '"ISQ;..'1.s ·tl"!l~_8t_ ~~~1. .'~ ~ . s~till~._llOi~t or an 
_ - 7' ... ... J --' - ~ - _ \ i' - ---.. _ -

absoll:.te· m1 -ni_~~~~r¥. a£tJi"imt~ ~~~tt-~l':~ -~~~G'~t ° of' var"iao).es 
- . • - .3 - - - : -:-\ .::- ":" :-.;: I,. ... ~ - - . - - , ' . - .-- - - ._ 

and their incrcme~$. J·41.cula~!QnS :~t)l::~t~'let. a-{id lewe~ ~ta.rtiJ;lg 

est!DBtes of x(4) 1~~~~ ~th~~ ~t)I[ii6rt -p~de; -~~1~ power 
- -->- - ... - -.': - .. - - - • - -

within t! : I'Sr~ of 1nte~st .:in the variables R~3) and i(~·). The last 
.0 _ 

array of compu1;ed values in the ~tput is the same 6S i.."1. the last .- --

i.tera·tion produced by MhX, i:h-licatlng that LIMrr did not call DF because 

R( 3) and X( 4) ~re wi thin the preselected 11m:!. ts • 

• 

j 
• ! 

t 
.t 

!. 
~ 

, . 

.-
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Table B2 

'I • J1OG.0 , • I.S..O I'A - c.. lEt'. 0.0 DILl.. 0.0 t. 1.00 ,. 1.00 CiMii • ~.UQ 
... 11520.1 I. 1.000 PS. 0.0 'S -.560.G 
" • u ••• , iN. 244.0 Ii. JIO.O ii' • 6.0 
...... • 0.Ue1Gf-15 • • 100 _ - 100 .. ,. , IIIIIAX· 5 

0.0100 c.o 0.0100 O.J 0.0 0.0 0.0 0.0 0.0 0.J250 ---~OK.~J~IIO~~----'or.~J"2n50~-----wo~.Wj2~!OKK----~--------~o~.~o~------~o~.o'--------'or.~o~-------o~.o-------
0.1~ 2.0000 Z.OOOO 1.3000 1~0000 I.GOOD 1.0000 0.0100 0.01.' 

~ • O.JJ.IOE O. 
• • ft. 10 f40FdJ . 
11 • ~ • .sGICE 1. 
~~--

.... • 0.500 Jl~ • o.oso a,.. • 1.000 
~~.r-~~~--~~--~~-----

a. . 0.010 

SI5U. ~IOOOO. SC • 2.00 SU • Z.GO PMI - O.IOE-04 
i. O.IUE=04 DELIO. O.iUE=b, bElli. O.iOE=05 . --~U~El~i~4~.~·0~.~i~O~i=O~~'-------------------------------'AU. 0.0 'II - 2100. 'IZ - 2100. XLO - 5.0 

- .... Or.:· ~0 ... -..J .. CG-----.,I": ... 2 ... j ........ ,..;..;;0,..;;.'I-r:'.1 I C4I • 0.160 i.". O •• JUE 0' 

Ii. Z 
I; • 0.990 aull - a 

C • 1.000 
N.i... -a .iEA - so [MUST. a 
calT • I.~O ALAR • 0.0 

_--.; .. ..;.,· __ ....;;;.I_- -.;;.,.~......;;.0~.390;;;....;..;:;.;:2:;.;:5:..;; • ..;;;;....:C_=-I_..;: .. ;..._~0.;...,;;.;5:;.;:J:....:.,..:: • ..::0;:;,1_0;:;.;:2~--:.V;:;,S ... .::-_-.;;0:..: • ..::1:..;;5..;.,J.;:;,I=-.,:;.;:I:.....::06 ,- O.15.,IUE 06 LStaP-

0.J5MMI-Ol 

0.1600001 00 

o ----

&ADII ARE - 0.16557 0.27557 0.JII.2 0.J2142 0.41142 0.41142 0.411.2 0.41i42 0.'-142 
tJ II - 0.'2581 OZ 8Z. O."'16E OZ ., - 0.44nacr-.01l'!'r-;""""O .... ti--::ii.:--..0r-......... o,...~IE.,...,OO ... t • O.UIUE 01 19Z • O."64IE 

--• 1 ... O.i'.iiA at .. 0.6,1) .IE Ol ,sua O.40iifiE 10 za 0 ...... 10 lSi ... o 
-- 0.1,. ... 05 O.3ZD644FOI 

-a.WZIZU M O."""E OD 

=v. HildE 66 G.'I"56' tiJ 

IAD.I liE 0.29195 u.~~ 0.14101 0.35101 . O.5~ 512 g."~I~ 0.51"2 0.51,12 U.~l~~ 
L • 0.51512E 01 AWl & O.35996E GJ MI. 0.6"12~ 02 MZ. O •• 5II.,E 02 .. ~ - O.40~il 01 .. ,. 0.1.1191 00 .- J 0- 0.1142 .. 01 ... 0.6065I1E az VSO- O •• M"I! 11 I- O ..... "IE 11 LSTOP- o 

-o.211)5tzE 07 0.297294£-01 

0.J062ZJE C6 O.1632.JE 00 
----~~~~~=--~---

-o.14~I GO -0.919J41E C4 

aADll alE 0.32371 0.JIJ71 0.36344 0.J7J44 0.53669 0.516" 0.53669 0.5"" 0.536 •• 
l - O.Sl". 01 ItZ. 0.J150. tJ III· 0.651DZE 02 . IZ • 0.6OI52E 02 .J. O.'ilZlE OJ n - O."ISH 00 

• u. O.IGD614E 01 .,. 0.59l2Z4E 02 ,sa. '.12t'IZI I' z. 0.12'4121 If [StOP. o 
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Table B2 (continued) 

... .. ;. C.1COOOOf 01 W. 0.5.1540E 02 YSO- 0.11Z)441 04 z. 0.1\1)441 ~ LS'o. • o 
C.l~'?l)l C2 0.2'1225E-OI 

---"-~. -- -.. - - --- . -'-~---------

o.uuon C2 
------------------,---------------------------------------------------------

AADII all 0.)1070 O.3~07C 0.16"2 0.'7"2 0.54144 0.5414~ 0.54]44 0.! 4J44 0.54).4 
L • O.~T"l)~lVz· ·.cr;n .. '._ 01' · -...--.-a';~lr02-· wZ · .. ·O·.~.I"14E O~ "3. o. MllSf 01 .. , - 0 ••• 5UE (lO 

iii 

-O.5iC)4:U tl 0.2'1225I-dl 

d.41C'I~r----O.l'Jtl.E oe 
-C.t".,4E-C6 . 0.IIC1J5E 02 

--- - -- .. -. - _.-

liDll iii o.'iOlO u.)~U,~ u.i69'2 d.".12 b.!"" b.54''' · u.~~. lr.S4J44 b.54'" 

o 

L • 0.54144~ 01 AV2 - a O.ll.lSE OJ WI. 0.6.293' 02 WI. 0.5'I54E l ' WJ. 0.J.1J5E OJ w,. 0.9~561E 00 

II- 46 Ga O.IOOOOOE 01 .,. O.5915tO£ 02 YSO- o. J0211.E 04 z· -'~ .~211.E_.!4 __ ~.~~- _ .~ '! __ 
1).549551.:- C2 0.H1U5E-OI -----. .. ~--~~~~~~-------------------------------------------------------------------------

__ ~0~.~I~C~316C~ 01 O.I6JH'E OC 

.-0. '5)614E-06 0.lll2'.E O~l ________________________ . ________________________ _ 

IADII AlE C.ll01C 0.34010 0.)6'12 0.11"2 O.54J~ 0.54144 O.54J44 0.54~ 0.54J44 
l • 0.54'44! til .i2. O, jl"SE tJ II. 0.642411 02 .1. 0.59'441 61 It. d.Ji')S! UJ if. ti.94§11E tid 

... " t. a.IOOOOGE 01 i. 0.591MtE '2 vscaa .'.51'nn 02 Z. ".n412fE 0:" LSTOP·. - -. 0"-

-O.IIluOE CC 0.291ZZSE-CI 

U.IS52ctE 01 u.16)6'11; ce 

o .109561iE 02 

-alDll IIC-lr.·nno-'tlo,-y40fO O."Kn2---,r.,..,ftz 0.54"4 O.MJ"·--- o-.!in44'·~4 · ·0.~)44 
L • O.54~ 01 AWl - 0.)1'15E 0) Ml ~ O.642')E Ol w:. 0.5'1S4E 02 N3· 0.3813~E 0) WI. 0.99581f 00 

... 4' Da 0.100000£ Gl ~. 0.591540£ 02 YSQ. 0_511.56E 02 z· 0.573656E 02 LSTo.- o 

..,.0.62119C6E 00 0.2912l5E=--...:0:.::1~ ______________________ ____ _ . __ _ _ _ 

0.154l1SE Cl 0.16J6_~ H- 00 

_ _ ~~.9~3_6_1~~~_6 _ ___'0;... • ....;I:....:C_C;569E_0_2 __________ . _________ _ . _____ .. .. . _ ____ _ 

aaCl1 JK[ 0.33010 0.34010 0.36'12 0.)1982 C.543.4 0.54344 0.54344 0.54344 0.54)44 
·~Gl.54J"E 01 AVZ · . 0.".'51 OJ WI. 0.642.IE 02 W2· 0.59154E 02' W3· O.~IJse-o) vr . -0;99511£ 00 

,; t. d.IObbed! Ui I- d.5'."t! 02 fSU8 b.\II"6! bi Z- b.SIIIS'! 02 [StOP- o 
O.Z91225~1Jr - .. 

---_ . . _. _- . --. . 'o'-~I5E Cl .-- d.luiU! ae 

'. 

'\ , 
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~able B2 (continued). 
--- ----_ .. - ._ - .- -- ------- - -

-C.~5'614E-C6 0.109509E 02 

Ratll aRE 0.33010 0.340,0 0.36982 0.'1912 0.54'44 0.54344 0.54344 0.54344 0.54344 
L • 6.5"'4' 01 IVZ. d.i",§! CJ Wi. 0.642"'. 02 82. 0.54I'4! 02 Wi. 0, iii!,! oj if. 0.",1'1 00 

- -...:. --5cr -' CO ~l!;10ifGft"E 01 w- 0.\91S4CE 02 YsO- "l);n1656E 01 Z- o.Sn'56E 02 UTa" - ..... 0.-----

b. nOnE Ci b.16JUiE bb 
0.1(;-'56.':-0}---- - - -- .--- -

-lIDn AU o.mTC-:-c · '4' '*' 0.)6982 0.31982 0.54344 0.,!U~~""1l4 0.,4)44 ~U"" .. - - - -
L • 0.54)44E 01 AV2'. 1915E 0' W1 w 0.64293E 02 W2. 0.59154E 02 w3 - 0.31135£ 03 WI. O~99511E Ob 

51 0- 0.100000E 01 w- 0.591540E 02 YS,. 0.51]656E 02 Z- 0.51]656E 02 LSTOP- o 
-O.~2I9C6E,~00=___....:0....:._=29~U=.;2=.;5:..:E:..-....:O_=1 ____________ _ _ _ _ ____ . __ - -------- -- _ .- ------

__ ~~1~5~4~18~5~E~C~1~ __ O_.~1~6~1~~~1~8~E~OC~ ___________________ __ 

. . ___ :-~~~14E-_C6.::....:.._~0.10956'E C2 ------- -- - -- _. -. - . - - - - - -~ 

aADII- AIrE _ 0.nOl0 0.34014J 0.36982 0.31982 \).!)U~4 0.54344 0.54144 0.54344 0.54344 
u L' • o,"S~f~~OI lvz. G.nUSE CJ WI -l)-;6U4JE_oz ~2-""o;Jt1HE ·0'2----W] - .- c,-.-nInrOl-·- - .n-.-O-~99"U· 00 .,.,... 

- -i'DII "~- ~.ijd'b ~.)~UJ~ U.5098~ u.!,4iz G.~4J44 O.~4j" b.'4'" U.~4~ 0.",.4 
L • 0.5.3.. 01 AYZ. 0.3191SE 03 W1 - 0.64293E 02 W2. 0.59154£ 02 W3. O.311J5E 0] W'. 0.99511E OD 

~~ 
( -

\ 



B3. K)P.[I = 4 

We Will illustrate the use of this sequence to calculate the rupture 

life of an 8lloy exposed to a constant stress retei a problem different 

from the nOl'Dlll one of calculating the life of 8 capsule. The ,alloy T-222 

is subjected to a constan.tly increaSing stress rate" a~ of 3500 psi/hr.' 
. - • - c:;: 

at a temperature ot 2460·
e
R. The input con~tanta (sone are rea.ef-iiu~d. ), _ 

pr~nted on the first 14 rows of the output (Table B3) a~ -determ1~ed as 
follows : 

- ~ ; - - . 
(1 _ 

1. let TA = A = BETA = DELTA = PS ~ TA = NMAX = lA = TAU == ~ = o. 
let E'l'A ~ C =- -G ,= r ' = XCI), I = 1,9 but ¢ 4 = ~{~>-, _ I ~- 1-,-9 -~-XK(Ih:: ~ __ 
I = 2, l~ but ~ 9 = ~c = SU == :;!D = .1. ~ u,. t;; _ ,~ d: 

, 
I ,~ 

2. - The cons1;snts GAMMf\, SIGU.. ALPHA, YK, and.~ AM are chosen "from a fit 
of T-222 :rupture data. 

Let TAl = Tal = ZM = 2460. 

SIGT. 

-
- ~ _ T -

ZM canc~1s<,TA¥~1n:;th! expression fo::-
.. - ~ ... 

4. Choose 1'1:IET such that ~ci·THE1i < 5roo; therefore, TBEl.' = 25. 

r 

...... ~ , 

- ,-- - - .. -4 -Choose IAteDA su~h tha t IAlIillUA ·TBET <': 0.01;! ther-efore IIOOIDA = 10 • _ 
. . - - ~ 

This causes the exp:reasion [1 - EXP( -IJ\MBllA ·T)] to proCiuce JAMBDK.T. 

6. 4 c 
Choose H = 10 to cancel ~~\. 

7. Let no = _'0 ana XK(9) = 3; therefvre R(3) = XK(91 and VO = o. 

8. ret x(4) = 2 and E = 2.125. This causes ~ to cancel the term 
[R(4)2 + R(3)2]/[R(4)2 _ R(3)2] • 

• 
9. let RR == '.1 = 3500. 

10. -4 -3 · -2 E ret PHI = 10 , Q = 10 ,DEr:rH = DELOME = 10 -, and TBMAX =- 10 • 

The computed value of THE'£A, detel"Illinec1 in f'ive i teratiCi~, 1s 

19 • 33 hou!"s; this compares with an experimentally determined value of 

19.1 hours. The value or OMEGA is one Since TlJMliJC was, not exceeded. 

r " 

r 

1 .. 
I 

!. 
r ' 



" 

,., 
(\ 

' l 

" 

." 

" {l '1, l' 

Tab'le B3 

T8 • (J.C A • 0.0 ETA. 1.0 BETA' . 0.0 
DELTA . - 0.0 C· 1.00 G· l.te GAMMA. 2.00 
RR - 3500.0 E· 2.125 PS ~ 0.0 rs. 1.0 
R. ItcOO.ooo lM • 2460.0 fl • 0.0 .a. - ~ 

.-r 

q 

L'MBDA • C.10000E-C] N • 1~0 NN • 100 '- -...;,.--""----:---------
"'OPT· • ~~AX ~ C NQ. 0 .- - -- - -- - -_._ ---------1._- - - - "- - "-" , ... , 
T~E fOLlCWING THREE RCWS ARE THE CCNTENTS OF THE X, p~ AND ~K ARRAYS 

o j I 

1.000t ), .0000 1.0000 ) 2 ~"0000 / \,;,c !l tlO'ljO i.OOoo 
1.0000- - - -· I.CroCO .... ----I';1Rf(f()- .. -r;(fO~ . 1.07)0'0-- , -. 1.0000 
1.00CO 1.0000 1.0000" 1.0000 ' 11,1.0000 I I l.qO,OO -- -- - -.- - .- --- .. - - .. -_ . , ...-

I.COOO 1.0000 
- - . I~'O'O~O- 1~0Gl} 

' l.O(i OO " I 3.0000 

SIGU • 130000. SC • 1.00 SU • 1.00 PHI • _",, ' , 
Yil :n-i.'E Ai HZi pta> A iAI£=-+Ki 4!l1U.. A CAAE AN 

,I 

. .... -- 'I'-, -~,-

J 

"'l 

~~I ..................... 

' . 

) 

1' 0 

1 .. 0000 
1,.00lfO· 
1.0000 ---

... .. _-- ---, 

-- . "----- - - -_. ---- --
cr.£ll21J3'~F -en 
0.100(, j Cl4E O! · ____ :......:......:..~· __ --·n·· --..:~-_;_-,-,'-----;------ -- J-

THETA- C.193302E 02 OMEGA • 0.100000E ' 01 
"q 

I' 

'/ 

" 
" j 

r, 

'. 

l 

V1 
V1 
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APPDDIX C 

List of CAPSUL ~ 

• 
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NOGAl' CAPSUl 
OIMfN~IO~ SIGMAI~OOI. !I~CO., IHET11500', THE'8C500'~ S'GIC5001 
8fAl lMP'SCg" DLTHISOO.t. QlSG'500a _ 
CO' .. ON/CCN/ K. SIC·U. AlPH •• YK., XM. PHI. C. DELTA, DELONE. T""AX. 

'TAU. fRI. T~2. IlG. RO. RI8'. GAMMA. 8R, E. PSt TS, H, Z~. lAM8DA, 
'TA. ,.0.1.91. P'9'.· XK~lO., 'A, ~!A 8E''-;-T"I', TER ... f8, SC. SUe 

__ -::l=N.z.., I'4N. DElTH. AY2. N"AX. l •. WI. "2, .,3, Tt~ET. "f, TAl 
REAL lA~'DA, l -
COeMCHIMeX/IX.M.'LAr.AlFCI~',C.CSO.DH.WH 
EOUIVAlENCE (XCIil.OMEGA. 
CO~~rN/lJM/X4U, X4l.-=R~3:U~,-=R~ll~ ______________________________ __ 
Cn~MQ,.,,.IC'Cp.rt. NITER. ITER 

____ ~C=O=~'Oh/OElS/OflRO. DElX2. OfL.4 
Ct~"O"/CCNYG'X.'19.1 •• RK.LMOST.lSrOP.JWAY.G 

, ••• YARIABlES USED IN THIS PRO~A!M fOR DECiDING OPTlONS 
C MOPT DECIDES ON SEOUE~Cf TO USE 
C MOPT-' lSTSO IS vstU AlO~N~E~ __ 
C M(Pt., LSTSO. Mex, LIMIT.- AND Of ARE USED 
r.~ ____ ~"~O~P~T~.£3~"~A~X~.~l~I~M~I~T~.~A~N:O~O~f-=AR~t~U~S~t~D~ ____________ ~ __________ ___ 
C MOPT-4 THETA ALONE IS USED 
C ""AX DfCICES Ph SEQUENCE TO USE IN "AX 
C ,.,,6X.1 '~REE INDEPfND~NT YARIABlES 
~ H~AX=1 X14' IS.~S~P~E~C~l~F~I~E=D ____________________________________ __ 
C N~AXa~ R18. IS CC~STANT 
~_ Nt-eX-,. ~C"31 IS COt4STANT 
t NMAX-t; RIFRO I S TO 81: COMPUTED 
C NQ CFCICF~ fU~CTIDN TO 8E ~AXIMll£D ----C NOsl PO~fM/PROJECTfD AP.EA 
C ~Oa? PO~FR/VnltJME Of CIRCUMSCRIBED RECTANGULAR PARALLEl~PIPED 
C NO.3 POMER/wflGHT • 

90 R(ACI~C.IOO) ~OPT. ~MAX. NO 
NH~al 

IF'''CPT-l. 13.10.(H. 
c ••• COM"CN CO"~l.~TS fOR MOPT·'.3.~HO 4 fOLLOW 

ql RfeD'SO.llJ. _ ~.~~A.kR.E.PS,TS,H~L~,TA 
READC~O.lll) '~.A.trA.8ETA~DEL'A,'.G.l.1 

__ ~ AD C ~~~.J 50 ) _ l AMBOA. N..:...;,~N=H~ __ :-----,=--_-:---.,----:~--.,,----,,~ 
RfAO'~0.11?) IXII'.1.1.9'.IPCI •• 1·1.9 •• 'XKCI!,la2.10~'~-

I~O fOR"ATllt" 
Ilr. fnR~ATI~flO.OJ 
111 fnR~eT(RFIO.O' 
112 fOR~ATC~F8.0) -- -------------------------------------------
I~O FOR~AT(EIO.J~_Z_-I_~' ____ ~~~==~~=-~_~~ __ ~~~ __ ~ __ =--=~_~~ 

~R1Tf(~1.8q7) lA. A. fTA. ~ETA. OElTA, C. G, GA'-MA, RR, E, PS, TS, 
1 ~. 1M. TA. TAl. lA~SDA. ~. NH 

8Q, FOR~AT('lTR ='.Fl.1.5X,'A :',FIO.l,5X,'tTA .'.f5.1,~X"8eTA a', 
_____ ~I..:...f-=8..;....4.~'- fJfllA ='f8.4,SX,'C a' .f6.2,5~, 'G .' ,~·6.2,5X"GA"MA c', 

}F~.7.1.' RR :'.F1C.l.5X.'E zl,Fl.3.5X,'PS a',f6.2.5I,'TS 3',F6.1. 
1/.' H ='.Fl}.~.5x.'l" =',f1.J.5X.'TA :',F7.1,5X. ' TAl .',F7.I, 
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__ ....::4...l:-/..:.,._· .~l'D' -..!.Cl'5.S.5X.·N .·.I",~X,' NN -'d4' 
NRlffCSI.890. MOPT.NMAX.NO 

JO) f()BfII4'lftHQALPHA -!lnS,s..l.L.S~ XfII . •• E11),5.I.SH VI( ·.E15.5' 
A90 fOR~A'I'OMOPT .'.ll.SX.'NMA. -'.13.5X.'hO -'413' 

WR I T f I ~ , • "91' 1 X 1.1 W~. t. CJ •• % P I I , " I - 1 • 0, I • ( X" I I I • J • 2. 10' 
R9J fORM'TltO'~f fOLLOwiNG THRt~ aON~ ARE THE CONTENTS OF THE X. p. AN 

10 _" ARRAYS'.II.C9fll~411 
GO TO '10.10.20.10' •• UP' 

~ ••• CONS'4NI5 fOR LSTSQ RQUTINE 
to RfADI~O.IOl' k. SIGU. GA~~A. ISIGM4,:,.TIII.THETAI1 •• I-NNN.". 

IFIK.fC.O. r.O~T~O~9~~~ ________________ __ 
101 FnW~a, 111.2F1C.0./IJf?O.C" 

____ ~r.=All LSTSO tk.SIGU.GA"MA.SIGMA.T.THETA~aLPHA.XM.XKOI 
~F' 'H-O.O 

___ ..... S ... f .. ' SG.g .0 
RF~IG-C.O 
00 I 1 Q 9 1.1. K 
fX.I.tUX~/lll J 
'HfTR~jl.'.O/X.~.C,Cl.AlPHA/SIGMA'II/SIGUI •• EX.(SIGU •• 

1 GAMMa-S'GMA'I'--~' . • ••• EX/GA .. MA'.lOO ••• EX 
$16A41'. CIAlPHA •• GeM"A.SIGU •• "MMAI/(AlP~A •• G'M"A + SIGU •• GAMMA. 

lCXKO.'Hft,".' •• CGAMMA.XM.TCIII.'··ll,O/GAMMA. 
L te,« , I- T II '~lOGt~ I lKO.lt-E T..::A~'.JLI..:.'.:..I ____ ~ ___________ _ 
OtSGII'·AlnGi~liIGMa'I"SIGOCI" 
Sfl5G-$ELSG+IDlSG'III.·~ 
OLT~"'.Alcr.lr=THf'ACI"'HE'BIISJ 
$fLlh-S~lI~.IOLI~"II •• 2 
1~~Ir..RESrG +IISIGMA'I'-SI~R'I" •• 21/SIG8!11 •• 2 

IIO~ Cn""'tlIIF 
Sflfh.SCR"SElIH/.~-l.OJI 
SELSC.SO_IISElSG/Ck-3,01' _______________________________________ _ 
Rf c IG·SOBIIRESIG/lk-1JI 
H8IIf.~,.~2?1 K. ~IGU. GAMMA. AlP~A. XM. x~o! SELlH. SELSG. 

'"fSIG,CI. SIGMAII'. "II. I"fTAIII. lMPII •• 'HETBer •• sIG811 •• 
lDlT"CI'. DlSr,C.I. l-l.K) 

~" FnIHArC'IK .1.14.~X.'SIGU z'.f9.0.SJ,'GA"MA .'.f5,2 .1. 
,. ALPHA .'.El~,b.SX.-XM -·.E1S.6.SX.!XKO ·-.EIS ••• I. ___ __ 
l' SflTh -·.fl~,6.SX.'~tlSG .'.tlS.6.SX.'.tSIG ·',fIS, •• II. 
)1 II,I6,IS1GMAII",T,6. IJCI",Tl)?"ttEIACI",I)A.'l"PCI~'. 
~lSI •• lH~I8CI.·.166.'SIGBCII·.TIO.'DtlH")·.T.~.'OLSGC 1".1. 
5lJ4.fq.Q.f7.0.Fll.2,2X.j12.S~X~2~~.ZX.t12.5.2 •• E12.S.2X.E12.~'. 

NN ... ·I(.1 
60 Ie 10 

.~ GO In "O.l~,.MO'T 
, ••• CDhSIANtS fOR USE Ih "AX 

'0 READC~C.lI0' ALPHA.VIC.XM 
___ Jl~ i TU 151 • 103' Al PH", XM! y~§( ____________________ _ 

7S CDt. ·f I HUf 
RF.crso.111' X~U. X~l. 83U. III 

• 



• 
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RFAP.~O.14l. SIGU. SC. SUI PHI. Q, DElRO. OElXl. DflX4. TAU. T81. 
__ In,,-. X~IU.. RO. Jel2 •• !1.1t_ •• 'H~.L _ ___________ _ -

--.~ ---- - -...--- - --
'41 FORMATI4f2G.O. 

N&.ITfCfljl.Z4.lJ_.llGU. St. SUe PHI. Q. Dt:LRO. _OELX2. OELl4..!. TAU. T81, 
ITR? XlO. RO. )11.1. XCIt •• THET 

142 fQB!III'QSLGU .lflA.Q.S •• 'SC .'.F5.2.SX,'SU r'F5.2,5~.'PHI .', 
IEIG.l._I.' 0 .'.EIO.2.~X.'DELRO .'.E10.2.5X.'DElX2 s'EIO.2.~X! 
1 1 QFLXIt .·UO. c~~ TAU a' .Ell.l1-~' 'T81 .' ,Fa.-O.S •• ·!~~_~'_.F'-~~5. 
l'xtn .'F6.1.'.' ao .'.F6.3.5 •• 'XC2 •• '.F6.3.5X.'XI4 •• '.F6.',SX, 

___ ~'_'l~flA ·'.EI1 ••• 
RFAOC~0.40'. IX. ~tAM~ HITER. ITER. LMOST. G. C. CRIT. AlAM 

Itg? fQHft'If51",.'FIQ.OI a 

.. RITe.51.teC1 .. X. NL.". NitER. ITER. LMOST. G. (.CRIl. ALAM 
.Ol fORMATI'OIX .'.I'.~X.'NL'M __ .'.14.5XJ·NITER .'.I'tSX.'IT~R ··14.SX. 

"I MOST .'.14." G -'F6.3.5X.'C .'f6.3.S •• 'CRIT .IFa.S.SX.'AlAM .', 
2 f6~.~1~.~ ________________ _ 

9GC N .. 'XI.,. .... 
JAM~.~O~ ____________________________________________________________ __ 

r.'ll YSU 
_~~~~~-=D=a ____________________________________________________ _ 

J.".Ja .... 
JfCJA~~G1.IOO' GO TO 66 
IF'G~.SI.4.01 67.6! 

61 JFlnH.LT,Q,ll 64,65 
6~ ~Rl'FI~l.~1 RO. CRIII.I-I.8 •• l. AV? MI. Vl • .. 3. MT 

GO- Tn 9Q -----"=-......:...::-=--=---------- - -
A' .C,. - O.~5.Xf2' 

_____ C=All VS~~~ ____________ _ 
rtf. TO 61 

6~ .'1' . ',05-.1;_' __________________________________________________ __ 

Xi4' • O,9~-XC4t 

___ ---=:C=Al~ V_Sl:'_ 
GO TO 61 

_6~J'~ 11 h!Jf 
CAL l "AX 1 ~l AM I 
t.OI.~C I ,,0-0 
(.ll WA 
(Alll''''T 
.. e .... al 
.. _AITf~SI ~ 4.RO. IRI.,.I-I,"" j,., _AYl~jII~._ ,!2.~ -!'-1 •. ~T . __ _ ___ _ 

~ FO~MA'I'nRAOII ARf'.9fl0.~.I.' L .',El1.S.lX,'AY? -',EI2.5.)X, 
1'~1 .'.fl'.S!lX.'~' z'.fl2.~.)~.'W1 ·',tIZ.5.3x,'wT ·'.E12.~. 
If'N~.x.fQ.~"'XI' QC.900 

(.~~ I .. F FOllOWIN_Ci ~Rt- THE CQHS1.HlS USEt IN c'l~U~~!H~~ THETA 
)n RtAOC~C.llO' ~lPHA.Y~ •• M 

AF'['~C.'IO. SIG~. ~c. SU, P~I. U, U~L1H. OELO"~. TH .. ax. TAU. T~l, 
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. _ J _-_. _ ._ .. )(.1-_0_, .ft'l'. ~ .pn. ~~4 •• J"FT_ . . _. _ _________ _ 
,ao fOR"A114F20.0' 

WMlfFC,t,ZIl' SlCi~" st. SU, PHI. 0, UElTH, OElOME, .. THJ4AX. TAU, 
I TAf. ~_nQ ftc. XI' •• Xl4'. TMfr, ALPHA. YK, XM 

;n I fUR!-,~J (I_(t~Ur.u 1:' r .• 0.0. 5)(. ~sc .• ' ~ .~.5 .!~_~~~..!· su "!...!.f:.t;._2!.~~,!!H.! _ ~.' f 

a fln.1~/.' Q .t. ~IG.l.5~,'UFl. TH .·.F10.2,~x,tDELOMF .',EIO.2, 
71)X. ',U,.AX .1. fl0'~J/.' TAU .', F.10.3.5)(,' r81 -·~ft.l,IjX,'XLO _,, 
"-iF 1 '~ 1.I)X~;-'1I(C --;' Fit ~T.I.'i xI2·f -~I~ f6-.]-,~!i~'x C ~ , .1. f,, ·.-j.-51(~-iTHer"·-;' " 
4 ~1' •• ,/!' ALPHA .1·fll.4!~X.'YK .',E12.4,IjX,'XM al!~lZ.4' 

----~~~~~~'~~~~~~~~~~~~~~~~~~~~~~~~-------St.RMour fNF l ~TSQ I it. SIGIJ,GA"" •• SlG .... T! THETA.ALPHA. XM, XK'O • 
. . ,O_l"~~SIUN SIGMAllie) •• ".,00" '"f.fACIj~-'!t! V.SOO,. Lt50~H.!. ___ . _ 
1 A.,.1 •• l(1 .. ' 

___ _ !\I r. • S iCiU •• GAflMA .- - -_ . . _---, 
en I r. I-I.K 
SICJ - SIr,'A'J' •• GA~MA 
~II' - AlOG'SIG.SI~I/ISIG-~IGI.' 

.-l~_~ '-LL· T II I-a lOr. «TltE TAil' • 
DO '0 '.'.1 , ~CI' • e.c 
eft '0 J-l.1 ____ ._ ._~ __ _ 

,n AI' •• U-O.o or '(' ,-) ,I( 
A(I.' •• AC1." • 111. 
ACI.3. c 'C1.1' • 1:1' 
A.~.,' • AC'.', • TII' •• 2 
A".l' • A".1 •• TII'.lll • 
• ll.11 • A'~.ll • 1(1' •• 2 
III' - 1", - ylll 
XI" • x.,. - TCrl$YIII 

)0 JCl. - XC1' _ ~_lCI19~V~C~I~I ________________________________________ __ 
ACI.I' - -I( S A.,.l' - -AII.l' 

_--.AL1~ • -AI1,J. S A1.hll - AI2.3°' 
f.AI. ..ATCC A.X.l.l. CfT .1. 3' 
AI-pCII I 41-!ll. , A)-Xll' 
AlP~A • f)(PCA1/GA .. MA. 

_ _ Xfl. __ ~l/-'?A'_~A _____ _ 
)(KC·tIP(A"r.A~"A/I"J 
RFTURN 

--- -----------------

SURROUT I ~F. t.~ ... vfWT. iIIMAX. I. ALF. It ,NO. 
_ _ I.tU-J=_~~ 10111 I'''', Alf. lfJ.bM C 8. 

co y( CIO.10.10.~C.I)O).NMAX 

IQ An.AlFfli 

• 



• 
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'0 RO=Al.F( 1) 
_)tl~J_.-Alf II ' .. ---_. - - ---_ .. _---_._ ------- _ . .. .. - . -

METlJRN 
.'0 XC" -Al F II , ___ -_ _ _ . _ _ . ___ ____ . ----.- - - -- - -- - _.-_ .. 

XI4'-AlF'" _ 
BO=RC8'-X"'-Xll'-XC3'-X(4)-X(S,-X(6'-)((1)-X(R' 
RETURN 

Ml X," .Al F 11_' ____ ____ . ___ . __ _ . _______ . __ .. ... _. __ _ __ _ 
X(4,-AlFI2' 

__ AO~R I '\)-XI i)-x 12 )-X (1' 
RFTlJR~ 

5" XI"sALFC1'-
X(4)·AtF(2' 

_. __ CALL-B.1FR=O _____ _ 
AfTUA~ 

-- ----_._--_ . .. _._--. 

----_._._---_. _.- - -.. --- - .. --

_ ._.t~C __ _ ------_._------- -_ ... - .- .. -.. .. --, -

Sl;P@OyTIt,t: WM 
CPM~ON/MAX/I)(.M.ALA~,ALF'i~?C.CSQ.O~.WH 

_----'.r..",.rN/ccNI K. Sir-li. ALP ... '. \·K. )eM. IoIHI. O. DELTA, OfLC14e, THM~X, 
lTAlI, TPI, IR', )cLU, ~O, .UO" GAft,..A. MM. E. PS. ' TS. H. l~. lAJ4ROA • 

. --.lT~_ t.iQLX(cH • .,1'1', )(KI10). A, ETA. eETA. TNIT. TEMM, Ttl. se. SU, 
1h. ~~. DEtHI. AV? NMAX. I. ... 1 t "2. ",1. THET. WT, TAl 

MF'l l4,.PO •• l 
CALI C(hVfRT'N~A)(.X,AL~.k.RO' · 

_....;I(=C I ':RO.)(C 1_. . _ _ ._. 
CO 4C 1=',11 

40 RCI.=RCI-I'+X(I) 
XI '.'.n.')(lO-.~1~).I('R.-.~.'1.O.R(4 •• -2.0~!X'I.+X(q •• 
AV'.A.XI'.1.141~S·'~(')··2-RC1.·*2' 
~o TO C1C.2C,3C. Ne 

10 ~!t. _ ~_ AV'l' ~_.O.XlJJ~~' ~) ~ ~ ~ !.! ~, . ~,.~~!~l.r~ ___ _ :----- -_._------.--- --
IF'NC.~F.O. METUR~ 

__ ... 1_· ... ~ ... .. __ . _. _ . . __ ._. _______ . _____ ._ .. _---::~~ 
10 ... H = A\;'IC fl.O*XLn.MIR) .IIHR. + SETA t.I M (In + OEL TAi'---- -- - - - , . 

IF(~Q.~F.O' ~fTUMN w, ..... 
10 CAL.! -",ttT 

.. : ... A"" .. T 

.. 1:z .. t-f 
RFTIJMh 
f~O 

. ... "- ' - - _ .' --- --------

~tJ~~CJJT I~E_Jl ... T. __ .. ___ . ____ __ .. __ _______________ __ _ __ __ __ _ _ 
r.r.~~r~/r.cNI K. SIGU, ALPHA. YK, X~. PHI, Q. DELTA. D~LC~E. THM.X. 

IlAII. TfH • __ .I!!~.!...2tlD, RG,. ttC R). GA., .. _~.~~.!__.E!_ ~~,_rS._ .... _ .J_~~ _ ~~M8()A, 
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1TA. ~Q. xec;,. Pf(U. XK( ~a" A. I:rA,~eT~, TNIT. TfRM. T8. S\:, SU, 
---~N~-~NN-, -' Dt;iTH~ - AV ?-,-N-"UX; T;W-f; w2-;-w3 fii-Ef-;·-wi-;-r-Al----------

RFAl l •• '-.l4.Ve~' ________________________________________________ __ 
t = '.O*xlU*ReH' 
L4 • ~.e*(XlO - .51~)*R(9) 

- -- ti--;' -l4 --:" -.-~.-'I - . G ". -RTit )-)-~ -l~O.( xTC.-'-.--){fm-"- - . 
___ M L1J __ ~ Me + ~.JJ , ___________ _ ... ___ .. __ . . _ _ _ .... ___ . ___ _ .. _____ ____________ .. _ 

oei "C I • ',A 
60 R ( ,~ • If« I" I) • Y ( I ) 

'10 = '.I41h*RO.~*~~~*~L~7.--+~7.-.4~C~q~*~C~CR~(-~~: Ar~(q"*.3' + 1.570A.CCRI)i-
_~I-=X~K.q, , •• , •• C 1.C+RI~ll..._____ _ ________ ~ ______ _ ... __ ,. __ ~ __ ._ .. 

Vfl. ~ 3.14Ib*'l2 + 2.0*XCl"*CKC1' •• 2 - RO.*2' 
_ ..... " __ ,,7: • ':9 .. 14J"*ll*C,:<'2'.*2 - Re 1'.*2) __________ . __ . __ _ .. . __ . ___ . ___ .-_ . . 

'1(3) • 1.1416.Cl? + 7.0.XC1,)*'HC3.**l - RC2' •• 2' 
Y(4' .: '4,14Itp"l,*IC(4, •• 1. • 2 .• 40Q*HIIt' •• 3 - '1'1) - VCZ' - Va3' __ 

I - t~'"~~M(3'1.?X,q) - 'Ie 
V'~, ~~.141b.l4~(R(5) •• 2 - RCIt ••• 1., + 2.409.Cft'~'.~3 - R{4J •• )) 
Vf'd = ).141"*l4*(RCb' •• 2 - R(5) •• 2 • .- 2.40q.IR,6T.'--f:':- - RTIT.·.3~ 

__ '1,,-,':...:7. = 1.1411, • .!.!:....=.515*RIR' '.C~17 ••• 2 - RC"J •• l!_!.._.l!.!~J __ ~!!t_!!) _~.$2 
1 .X.7. + 1.204*'R(7) •• 3 - k(61 •• )) 
VIR' = ~olIt16*(l -.~7~.R'a)'.'R'R' •• 7 - RI7' •• 2' + 3.1~l6.A(Aj •• 2 

1 .XCA, + 1.204.(R(8' •• ~ - MI7 ••• ]' 
veq, • 6.'Al~M(3) •• 2.~X~C~9~. ____________ _ 
WT • 0.0 

_.....D..O 70 I=l.q 
70 WT = ~T + VCI;.P(I' 

RfTU(!N -

!\URROlJT r NE VSU 
r.o .. .,r~/CCHI K. SIGU. ALPf-tA. YK. XM. PHI. Q. OELTA. nEl(~~E. THMAX. 

lTAlI. TAl. T8?, XlO. MO. ~i8). GA .... A. RR. E. PS, TS. H. lM. LAMBDA. 
?TA. Ne. xeq,. P'~'. ~K.C10), A. ETA. BETA. THIT. TtRM. TI). se. su!..... 
1N. NN. OflT~~ ~V2~ NMAX, l. WI. W2. ~3. THET. WT. TAl 

___ Cnf'MLN/SI:TtJ~. n .Wf.::( 1'l' .UFOll 9'. WSOI 19.19) .osee 1 'I. leU .!JElI 1 q,. WEl 
1C1'Q) 

__ CC"MC~""X/I X."'. ALA'-.ALEC 19'.e .esc. C;;;;..,;H....;".;.:-.;.M.;...;..M ______ _ 
COf'MC:N/OFUilOflRO. DEL X,. Of.I.X4 
TfRM=ThfTSTNIT=O.O 
GO Tn elQ~70.30.40.50J.N~A1 

IOOF'_ll'=WELCl'=DElRO 
C~I'2'=WELI7'=nEl~2 . 
OEl(1)=wfll).=OElX4 
AlFC1.A:RO 
Altf2,aX(2) 
ALfC3'=X(4) 
IX=~ 
RETURN 

--------- ------ -------_.- -

'0 nf. Cl)=~ElCJ~-~-O~E=·=lM~O _______________________ __ 



f) F I . • 7 ) :: W F L ( ;; ) = 0 t LX;' 
A·'FCll=RO 
A:"F(J)=}( ~ 7~ 

IX=? 
~FiURN 

30 D~l().::"~I.(l»=DL:lXl 
OH C 7} ,"' wfl( 7':.f)tlX4 
AU- 'l)=)(Cn 
AI F(2~=)lt4) 
IX=? 

_ .. J(F_TlIRN _ 
40 Dt-l«I' ~ WEl(I)=Ol:lX2 

Q ~, « ? ) = \oj F L '--2--'-= (; [-1 ~_i, 
RO=k (-J)-)(( 1 a-x (') )-XC 3) 

____ ~ALf'~!ill ________ _ 
A I. F , 7 ) :: ~ ( 4 » 
J Y: 7 
PfTURN 

. ')0 QJ_I 'J~)(E-_ "'-' U ::.OtlX_~7 __ 
OEt (7)=wfLC1)=UE:lX4 

--------

A L r ( I t = X ( 2 L ____ . __________ _ 
AI F ( ') ) .: X ( 4 » 

_ _ {X=7 . __ _ 
RFTtlP.N 

_£~!2 ___ _ -- --------- -- - ------ - -----

~l J AROllT I~E 1_:_l~_Ra. _________________ . ~~_:____=":""'!""~:~__=~~~ 
COMMrN/CON ; K. SIGU. ALPHA. YK. XH. PHI. o. DELTA. OELOME. THMAX, 

___ lI~lL! fAl, TR7~_XlC. ~O. RCtH._GA"M~!... RH. E. PS, ~.s, H. 1. LAMBDA, 
i''i' "'0. )(eq). PCq). XKllO'. A. ETA. BETA. HUT. TERM. T8. se. SU, 

____ ~~~N~. NN. DELTHo AV7. NMAX. l. wi. w2. w3, THEf. wl. T_A_1 ___________ . 
R f Al l2 

C*** SlJfU<OIJT INt CAlCULA~ FS A RO BY NEwTONS ""ETHOO 
,..=() 
HSIN = AlO~(~LU + SORT(XlU*.2 + I.e,. 

--~- :- ... o. X K ( 10-' .): l 0.' f 8-2 -=-- f if I- A- /H-S- '- N- ---- .-------

R ('I = HI ( 4 • C:$ x ( 7 ) • ( Xl 0 - • 8 2 ~ ») - XCI) ~. x ( 2 • 12 • r - - ----- -- - --- -- -- - _.- -----
~5 RiP. = RO 

cn to I=).A 
Ie RCR' :: ~(H) + xiI' 

17:: ?O*CXLD - .515)"~~H)·- .5·~1.C + RO + X(!) + X(Z) + X(3) + 
- - -- - - -- -

IX(4.) - 7.0.'XCI) + X(9" 
V7PIF ~ l7*'7.0.X(7)*(RO + X(l) + X(~~ •• 2! 

- - - - - - - - - --- - --. - --- - - ----------- - - - --- --- -
If'AAS«A.R(A'-V2PIE./B/RlO').GT.1.OE~6' 30. 31 

10 ac = RO -(R*RfA.-V2PIE,/(e-2.0*(X' . D-.825C ~ :2.*X(2)$(RO+Xil'~+ 

1X(7) •• 7' - 2.0.X(2~*Ll. 
~=,..+) ------ ------
IFf,,-.r.T.IO) GO TO 31 
r.J Tr v; 
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.j} Cn~T Jr-.lJf. 
JtIR O .. (;T .. O.O) RtTlJ~N 

___ R r. = .2..0 _ _____________________ _ 

Rf-TIIRN 

<:, LJ H R G l JT I f\. F. LI PI I T _. _ 
r. 0 ~ ~ 0 Nil I M I X 4 LJ • X 4 L. ~ 311. rn L 
crM""nN/CONI K. SIG,J. ALPHA. YK, X~, P,.:!, Q, DELfA, lJfU1ME, TH~AX, 

ITAll, i Al. TAt, XL I) . Ru- ~!8), r,A~MA, ~I(. t , "S, T5. H. ~,l.A~ROA, 

7TA. t-.:W, X' ~.l . _ PJ9 )_, X~J"!Q.L. _A. ETA. f!.f TA, TNlr, "!_tR~ T~ ,_--.?f.' 5l}, 
" N. 1\ N. 0 F I. T H , A \1 7 • N ~ A X, l. W 1. W'/ 2, " 'i, r tl E T. W T, T /J 1 

r.n Tn J_!<h2 0' 30J _. !!f'AA X______ ____ _ _ _ ______ _ 
)0 IHXI4'.(,T.X4U ) 40.')0 
40 Xlt,) ...: )U.Il $ t\~AX = 2 

RFTII~N 

'l0 'F (~ ) .l t . X 4J=_l _~Q..!..l~ ____ _ 
hO X(4) = X4l .i ~,," A X :: '2 

RF-TIlRN 
- ----- - - --------------

10 HIR(1).(;T.RjU) HC. 90 
M 0 R ( ~) = R 3 U S-'-N...:-M_.A"'""X"--=_4-'--______________________ _ 

IHTIlRN 
90 IF ~J 3 •• JJ .R_,t l L -.! .CC_, _ ll _u _____________ _ ____ _ 

100 R(,) = R1L $ NMAX=4 
110 kFTll8N ____ . ___ . _______ . _______ ___ _ 

?O IFII<I~~. ; ;T.R3lJl 110, 130 
170 R(3) = R311 S GU TO 1hO 
I 'i 0 I F ( R ( 3 ) • LT. P. ·~ .I . ) 1 4 0 , 1 ~:1 
140 R ('1) = ..!D1._ $_ GU Hl ll::....:,O"-___ ____ _ 
.';0 R fTIJRN 
160_ R 0 = R ( ~) - x ( I) - x ( 2) - x ( ~ » 

CALI OF 
~FTlJRN 

~o IF(X(4 •• r.T.X4U) 1(0.180 
~ ~L~L = X4J L $ _(;O _JO ?:-.' ~10-=--_ _ _ 
lAO IF-iX(4).LT.X4L) lQO,200 
IqO~J~) = X4'-_ .-!._ F!t TO " -"..10=---_ ___ _ 
700 ~FTlJRN 

21C CAil OF-

___ F _~r:L ________ . ____ _________ _ _ 

---------- --

--- - - - -- - --

__ . __ S..!LF\)~rtJT l~.t r.F_ --- - - ------------
cnMMON/MAX/IX.M.AlAM,ALF(14'.C,CSO . OH,WH 
C G "'~ONIl:r;NI K_, SIGlJ, ALPH~ ·, YK. x,... PHI. 0, DELTA, DFLOME, THMAX, 

I T t\ I J • TAl. T A? I Xl D. ~ l1, R ( 8 ). G A,.. M A, R ,~. ~ , P 5 , T 5, H. l, LAM BOA, 
? T A !..- ~_Q., x ( q ,. p ( q ). X K ( 1 I) I. A, ErA, :1 t T A, TN I T 9 T E l< M. l~ _~L_ ~ U , 
~N. I\N. DFLTH. AV? NMAX. L ..... 1. \-.2. ~3, THEf, WT, TAl 

_ r.r~,..n.~LDFl S/UI:U<(), LJf-l X2. IJElX4 _____ . _ _____ _ 



~1 ('AI.I J)R 
C I =r. .... 
( tA~~(Cl - 1 .. 0 ). lf . Q ) ~ O . 3 1 

:.p X(iI) = XL?) + Dl:l X? 
(.All r,~ 
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-- ~ 

XI? :: XC ') ) - 1) r. l.X ;' - ' (; l -1 . OI/( OH-C l) * OElX 2 
r, () TO-, 10_ JO . ~1 ) . N~A X 

l OR 0 :: R { '-: I - X, 1 • - ~ ( ? • - X ( 1 ) 

.. 

r, n TO ~l~~ _________________ . _____________________________ __ 

~O RfrtJlH\ 
__ cttlL __ _ 

, __ ,Sll.R~()IJJ 11'l5. . TH E- T,AC _________ _ 
en t' M () 1'1 / M II X It X • M • A l A '" , A Lf ( 1 9 ) • C 9 C SO. 0 H , w H 

__ E .... OlJIYALfNCF (XK (1) ,OM EG A;...:;: __________ _ 
t. C t' M 0 N I r. (j t-.l I K. S I G U , ALP'" A, Y K, X M, PH l, 0 , I) El T A. I) l (] ME, T H M A X ~ 

__ ,ttM~_TP.l . Tft Z.!_2JJ) ___ RO !.-.B..Lfl t. GAMMA.. __ ~~_._~..! _. P5!.. T5, H. l~. l:.AMBOt\, 
?TA. t-.lC. X( G), P l91. XK(l O), A. t:rA, t:H: TA, PHT, r ERt-I , TR. SC., su. 

__ J !!~ __ ~ ~l! P f. l T H. A V 2 , N M A X, LoW l, W 2 t w.3. r H E J_Ll'!-'!.. t _1.. ~ L _ _ _ _ __ 
RFAl lApl.PIJA, L 
t-.lSTGP =N S TAO=lA 
TA(1=T'" 
n~~r;4=Tt-.lJT=.O.O 

l.=(') 
OMff,A =GO --------- --_._,----_._----
Sr.l :: SC «, SUi:: SlJ 
TFRM=TAU S t-.l=NN 
IF(TNiT.EO.TfRM' f,0 TO 10 

__ -=C ~ lL O_H ______ _ 
D~ = OH 

----------._---
10 Tt-.lIT=IAU $ IH =TAI -'--"'---------- --- --- .---------.-----

l/1=Tlll 
20 TFRM=T~FT $ N=NSTOR 

CAU OR 
04 = OH+ D3 --------
WRITF(~l.lCO' THET,04.0H 

iOO FnkMAT(~E20.7 
~--- ----- -

IF'04.lT.l.0.ANO.THFT,Gc.THMAX' GU TO 40 
JF(AAS( 0 4-1.0).lF.C')) t{E~lJRN 

TFR~ = TEt{M + DELTH 
___ r.Atl~F __ , _ 

J),)=O ,~+OH 
--- - --- ---- ------

___ JJ,EJ -= tf~~-=- U::- L T~_J 04-1.C) *DEl ' _1-4; ( 05-04. _______ __ _ 
(;(l TO ? O 

4C TNIl=C.O $ T R~T RO 

TA=T/IO 
~ _ _ lFR~=IAt_J _$_~ = N~ 

OM F ,; A 1 = r ~ E r, A ~~ f) F L C ~1 E 
sc=n~Fr,Al*SCI $ SU =OMF.GA1*SlJl 

------



--
- -

____ ~~~r.4=_q~_~ ______ ________ _ 
IFC'~IT.~C.TE~M. GC TO 41 
C~.. ItR 
1:3=0" 

_---"S=t:=nflf-GA*Sc: 1_ ~ ___ SlJ=CM~GA.SU l 
CAll CR 
C4=C=, .. __ 

41 TNIT=TAU S fR=T81 
TA=TAI 
TfP~=THMAX ! ~=~~TCR 

SC=OflFGA •• SCI f SU=OMEGAl.SUl 
CAll CR 
(1)=Ctt 
Sr.=O~fGA.SC:I S SU=(MfGA*SUl 
CALL OR 
C6=C.., 
nQ=C4+C6 
wRITE'51.100) TFR~. 09. O~fuA 
IffARS([4+06-I.t •• GT.Q) 3~. 31 
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~o OMFGA=(MFGA - IC4+Cb-I.O.*O~lOME/'O~.U5-04-06. 
l=1 + I 
IFfI .GT. 10. 31. ftC 

~l THfT = TER .. 
RF1'!.JR'" 
ftd~ 

SllI1MmJlI~E CR 
CC"~G~/r.C~1 ~. SIGU. AlP .. A. y~. ~M. PHI. O. OflTA. OElOME. THMAX. 

ITAU. T81. TR7. ~lO. KO. Ria,. G~~"A. ~K. E. PSt TS. H. lM. lA~ROA. 
7T&. ~O. X(9J. PlqJ~ XKIIGJ. A. ETA. 8ET.~ TWIT. TER~. T8. se. SUe 

___ 1~. ~h. UElTH. IVl. ~MAX. l. ~l. h2. ~3. THEr. WI. TAl 
r.r.~~N/"AX/IX.fI.AlA~.Alf(19).C.CSO.C~.WH Rf_. I~"PCA. L.l7.l4 
fOUIYA1EN[~ I~KC.YK •• (AO.A.A2. 
C'fF=TfR~-TNJ...!T~ _________________________ _ 

JFI~AX.~F.(J.ANO.~C.NE.O) CAll CCNVEMT'N"~X.X.AtF.R.RP) 
OI=SUfI=C.O , ~T=I 

RII. = XCI) + RO 
110 GP- PO 1='.8 

ftC R'I) = RII-l) + XCI) 
___ 09 tc~O J~".R __________________ _ 
190 SU~ = SUM + 1.O/)KIJ).ALrG(RIJJ/RIJ-II J 

t2 = ~.O.(XlO -.i75.*R(~' - .1).(1.O+RI4'. - 2.0*IXCl) + XC9') 
vo = ~.141h~KC*.l~l2 + 2.40q.ICR(3:-~~CS» •• 3' + 1.510S.(CRC3'

I XK'~'.**l)*(1.C+R(4a) 
V7 = ~.14i5q*t2.(R'2) •• 2 - Rlla •• Z) 

_ _ J40=T~.( TP.-TA+A.V2/6.1R37/l2·SUM, -------:-:--:----~---c---- .---
TO = 140 + AO~~2/1t.1H31H*l2.XK(3)~.ALCG'R'3./H{2» + AQ/4.0/XK(ZI 
I.(~(~)**' - RI ,).*2 - 2.K'1 ••• 2*AlOG'~(7"RCJ)') 

• 



• 
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__ ---=(J __ ItRK~~!!~Q +_ .E T A~V2 _,_.(t« ~L~! _l + w r 3 1 •• 2'1 (ftC'" •• l - R C 1J •• ~. 
C2 It TA - TA + A2*VlI6.2~31P./l2.5U" 
C? It q.C S NI = N 
C1ltPS.(~O+fTA*V})/RR/'S 

C4 a P r 1» .~'-~!t.l ~M_ 
CALL ~F'FAulT(~.~HfU=-!. 
ile 9C T = TN I'. Tfl(fl!~l~L __ 
SJGT = CI*'C1 + (4.'1.0 - FXP(-l.M80.*TII'*'TA +ITO - TAl. 

lEX"r-lA .. p.D.*T.' 
T~ = " + C2.EXP(-l.MHOA*TI 

90 Dt = 01 + XKO.(S(~~~~~~~~SI(U**G.MMj*SIGT.*GAMMA/Al~HA*.G~"MAl _ 
1 C \ I GU.*G.,,"" - SU •• GAM~A.S I{;T •• GAM,.A} J .*' 1.O/GAMMA/XM/TIt I 

__ -=S~I r,'-.:...~r.. = S IGU.l""GAfrMA S SUGA = SU~.GAfI!"~ ___ -__ __ . __ ._ 
30' HPf = I S 01 = 0.0 

____ ~O~Q~, Ie J=1.~1-1 
fk:fXPI-lA"R06·'TNI'+J*OlfF/~1'1 

29 SIGT ; ~1*rC3 + C4*'1.0 - _.EX.'*"A .(TO - TAI.EX' 
T4 = TA + C2.EX 
F =X~0*'SC*.G'M~A.SfGG.SI6T •• GAMMA/AlPHA •• GAM"A/'SIGG - SUGA* 

1 SIGT**r.A~"AII.*ll.O/GA~~A/XM/T~' 
GO TO "l.11J.NPT 

11 0' It 0' • ~.C*F S HPJ = 2 $ GO TO 10 
l' 02 = 0' + 1.0*F $ N~t -~1 ___________________________________ _ 
10 COhtlNUf 

GO TO (300.101 •• NT _____________________________________________ _ 

r. 

30e 03=DIFF*CCl+021/3.0/Nl S Nl=2*Nl SNT=l S GO TO 302 
301 02:01.0' S 02=OIFF*07'3.0/NI 

IFIA8S'CC2-C~i!~1J.tT.PHII 3C4. 3C5 
30~ 03 = 02 S ~~~l_=~l_*~~l __________________________________________ __ 

IFINI.GT.16*N) ]O~. 30l 
306 WRllFI~I.'~1. 
'41 fGR~A'(' f.IL~O '0 (C~V~RGEtJ 
'404 OH = 0' 

CAlL SFTFA~lTI4.4"EU=01 
END 

__ =SlIRROUT IHE .. AX' ~LA!It.. __ _ 
Cr.~M(~/CONVG/XX'19.1J.~K.l .. OST.lS'~P.JW~y.G 
CO~MON/~AX/IX.".ALA~.ALFr191.C.CSO.OH.WH 
cc .. "r~/MATQ/jC19.1q).XC19.11.NR.YSQ.l 
CO .. "ON/NIC/CRIT. NITE~.~I~T~E~R~ ______________________________ ___ 
CRITS~=CRIT*.2 
r.SC=C*C 
NR=IX+I 
.. =1 

4 C.lt SETUP 
IFCNlAMIIO.5.10 

~ CALL GTAlA .. 
fiRS' lA~BCA r.O~PUTEO IN sueR. GTALA" 
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Nl~"'=l -- ---------- - - - - -----------
C FI RS T l~"'i:l O /l FR r, /II :~PIJT 

10 C~ll VFr.T 
C:\l l r.r.r-.\jr, 

_ r.ALL OlJT Pl!I __ ---- - - - - - - - ----- ---- ------
I F ( .IwA Y ~ 1 no. 3:, • 1 ? 

1') IF (N I TEl{) ~;_!..l.f. ___________ _ 
c TE~r rN NlJ~AE ~ CF eUlER iTt:RATILJN 

I '5 IF ( ,..- I T E R ) ? Ii, " ') :...' .:...1 \:.;,.) 0::::...-______________ _ 
C crr-.VERFNCE CRITfRIA Ttsr 
_~ IF!7-CRJT~O) lCO.l00.15 __ _ 

;> c; CU. l A R I T H 
_ __ r. A I 1 fo4 Arc ( .l (! X • r-~ R. 1 # r. ~ T • L <,. L q ) - - ----- --- _ .-

"="+-1 
l~Jr:P=O 

10 CALL ~IFP 

r,c Te: 4 
leo RFTURN 

rNO "'AX 

~UARrlJTINF S~E~T~U~P ______ ----~----~~~--------~----~ __ --~----.--~-
r. nMMr·u S t: T UP I w • U • ~ F 0 ( , 9» • OF 0 ( 1 <; ) • w 5 C ( 19. 19 , .0 so ( 19. 1 q ; • ri E l ( 19) • wE L 

1 i 1 q ) 
r.r~~ON/MAX/IX.M.AlA",AlF(lql -c.cSC.CM,wh 

~ __ r.OMPLJTF~ OlJAN'il TlFS IN lABEl~D CO"'MC~ SETU_P _______ _ 
CALI OR 

C COMPUTE FIR~T M IC SEr.ONO DERIVATIVES OF fC~ 0 
n=o.-

___ c~ 4~ t=l.IX 
Sl!1~J=AlF( 1) 

__ ~lcl F' ') =Alf ( , »+CEL( !'C...:)~ __ _ 

CAll OR 
r.P:'r. ~ 
Alt- : I~=<;T r. RI-f)fL( [) 
C~L : . OR 
Ct-1=rJtl 
Of-DC 1'=(CP~D~)/(2.*UcL( 1_)_' __ 
n ~o ( I , I ) = ( 0 P + 11 ~- ') • * r. ) -' ( 0 EL(I , * * 2 ) 
.J~ i 

4IF(fX-J)40.1.l 
1 IFL)- r I i 1 .. 3.~ 

11oS0(1 • .Ji=USO(Jc[' 
----- - - - ----------

__ ,.!.-...!,.!.-J=J ~L ______ _____ _ ___ _ 
(;0 TG 4 

? S T [' R.l =- ~ i . F ( ., l ____ ~ ___ . _____________________________ . __ _ 

Al F(J)=lIlF\J)-I)F.L(~I) 
___ _ C A IO-LflB _ ________ ____ __ ___ _ ___ " ----------

AlF (,J I =S f! )RJ+CEL (J) 



CAll O~ ________ . ___________ _ 
07=01-1 

____ ~A~l~F~(~I)=SlOR!+OEl(~. 
CAt.l r.R 

_ __ Ol=OH __ _ 
AlF(J)=STORJ-OELfJ) 
CAL L OR 
04=OH 
ALF(I)=STCRI-DEL(I. 
Al F(J)=STCRJ 

___ OSDe i .J)=(Dl+03-07-D4)/(4 •• DEL( U.DEl(J') 
GO TO 3 

c 

40 AlF(J'=SlORI 
CAll WR 
CO~PlJTE FIRST AND SECONO DERIVATIVES OF FCN W 
W=WH 
DO 60 l=l.IX 
STCRI=AlF( I) 
Alf'I.=AlFfl'+=~=E~L~(~I~) _____________ _ 
CALL WR 
.P=~'" 
AlFClt=STORI-wELII) 
CALL WR 
WfIi'=WH 
WfD(I'=fWP-"M)/(2.*~El(I" 
~sn(I.('='WP+WM-2.*W'/(WELfI)*·2) 
J=l 

74 :F(IX-J)hO.21.21 
__ -=~~1 TffJ-I)211.?l.72 

713 wSD(I.J.=~SD(J.li 
"3 J=J+l 

GO Tn 24 
27 STCRJ=AlF(J) 

Ai f(J'=AlF(-.ll-wEl'J) 
CALL W~R ______________ _ 

W3="'" 
___ ~A~lF(J)=STORJ+wEL( .~J~) __________________ __ 

CALL WR 
.7=WH 
AlF ( I) =STOR I+REl (I) 

_____ CA~Wp~ ___________________ _ 

.,l=WH 
~IF(J)=STORJ~-~W~£~l~(~J~) _______________ _ 

W4=W ... 
ALf(I)=STORI-~El(r) 
Alf(Jl=S~O~R~J~ ______________ . ______________ _ 
WSO(I.J)=(Wl+.3-R?-W4)/(4 .... cLCI) •• El(J» 
GO TO 7J 
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60 AlF ( • , = S_lC~l __ _ _ 
RETURN 
ENl) 

~URROUTINE ~TA~A~ ___ __ 
C(J~MON I c;E T UP I w ~ O. W fO' 19'. OFD' i 9 •• WS O' 19.1 q • • D~D ( 1 ~. 19» • DEL C 19» ,WEL 

l( 19» 
--~-"-=-.:....-<---- - - - -

cn~~ON/MAX/IX.~.ALA~.AlF(19'.C.CSO.OH.W~ 
C CO~PUTES AVERAGE LAMBDA FOR 1ST ITERATION 

~U~:zO. 

OE~~G. 

n014J=1.IX 
IFCOFO(J"13.1~.13 

1~ SU~=~U~+WfO(J'/CFO(J) 

CE~=nEN+l. 

14 CONTINUE 
If(OfN.16.15~.~1~6 _____________________________________________ __ 

It; CAll FRRCR 
16 AlA~=SU~/OEN ___________________________________________________ _ 

~fTlJRN 

END 

__ SURROUTINE VECT 
Cn~MCN/~AX/JX.M.AlA~.AlF'19J.C.CSQ.OH.WH 
COfitMON/SETlJP/,-.O.WFOCI9J.(jFOC19).WSOC19.19),DSOC19.19).OELi19).W~l 

I{ 1 q, 
Cr.., ~ON I ~ ATe I A ( 19.1 q) • Y C 19. 1 J • :,,{. YSQ • Z 

C AX=Y NR=IX+l 
~_Cr."PUTES ".YSO.AND Z 

~~C=O. 
___ _ 00 i 5 J = 1 • I X ___ ______________ _ 

YIJ.l;:-'WfO(J)-AlA~*Ofn(J» -----------------------------
__ ~J~t;~~sc=ySO+Y'J.l'.Y'J.l) 

y HIIR. 1 , =c-c 
___ y.:.-.s\/= Y SC + Y ( ~R • 1 ) •• 2 _____________ _ 

l=v~O/CSC 
___ ~R~E Uk~ _ _ _ 

ENlJ 

SUR~OUTI~t CONVG 
____ =C=O~~.:._.~=ONICONVC/XX(19.1).RK~l~OST.lSTOP.JWAY.G _______ _ 

COM~ON/~AX/IX.M.AlA~.AlF(19).C.CSQ.OH.W~ 

CO~~nN/.,ATw/A(1~,J9'.X(19.1t·NR.YSQ.Z 
C TESTS W~ETHER MCRE INNEk ITERATIONS ARE REOUESTEO AND COMPUTES A 
~ VECTOR INCRE.,EhT ONt HALf THE MAGNITUDE OF THE LAST SUCH VECTOR 
C INCRE~FNT TRIED. [F NEEUED 
______ ~I~F~(~-l' l.l.8 

1 CAll ERR(P. 
e IF(~MCST.Gl.0' GO TO 3 



') Rf(=Y~O.r, 

JWAY~' 
GO TO 100 

3 IF'Y~O-Rf()7.4.4 
4 L<;TCP=l!iTOP+l 

If-, :. M f1 ~ T -I_ S T C P ) ') • b • 6 
C; . • J )(A V = - 1 

:;r iO 100 

71 

6 O~ 1 K=J,~R __________________________________________________________ _ 

XXCK.t'=~5.XX(K.l) 

__ ~~'!i.. U -=). X (K~) , 
,JWAY=O 

OO __ ~_t..TJIPN _ ___________ _ _ _ _ 

END 

SUPRl)lI~ INE OUT?IJl 

-- . - - -. - - - ---

__ _ ~OM~C~/~. ()NI_ K. SIGU .. ALPHA. 'fK. XM, PHI, 0, DJ:LTA. DElOME, THMAX, 
IT .4l1. un. TAl. XlD ~ RO. RCS). GAfliMA. Rf<. E. PS. TS, H. lM, L/MBOA, 

__ _ ,)Tt :..~ N~ X«H. P(9 •• XI<.(lOLA8C.ETA. BET~. TNIT. TERM. T8. se, SU, 
~": . ~~. 11flTH. A1/7. NMAX. L. ~1. ilf2(" W3. THET, WT, TAl 

CC,,..,..C1N/SEfUP/W.U.WFO( l~).DFO( !9'~"SO( 19,19) ,OSO(19,\9.,DEL( 19), 
lWfl (JC~: 

c r,,.."'CN I,.. A 1 Ol...!J 19.19 •• Y (.19.1 » • NR. Y SO .I ______ _ 
C(1MMON/MAX/IX.MrALA .... AlF(19),C.CSO.OH.WH 
r.O"'MrN/CONVGI XX, 1 ·~.1) • RK.l M.pST. L S JOP.JWA~....::.-=G,--____ _ 
WRIT~ '5'.1'M.D~W.YSO.Z.LSI0P 

• fORMAT(lH03X2HM=16.5H O=f14.6.~H W=E14.6.1H YSQ=E14.6, 
l~H 1=EI4.6.9H lSTOP=Ibl 
WR!TEC51.2i"Y' l.l).AlF'l~)~)~.~l_=~l~.~N~R~'~ ____________________ __ 

') fOR~AT(1~02Fl~.6' 
NOl=~C S NC=O 
CAll W~ 

NO=NCI 
WRITF(51.4) RC. (R(l).I=l.~). l~ AV2. WI. ~2, ~3. WT 

4 fORMAT('OR~ull ARE'.9FtO.5.1.' l ~'.E12.5.3X.·AV2 =',E12.5,3X, 
- - """"'----.:.... - ---- --

I'Wl ='.El,).5.3X.'W7 ='.E12.5.3X.'W3 ='~f12.5w3x.·wr =',E12.5' 
~fTlJRN - - - - - -- -- -- - --- - - --- ----- ----------
END 

SlJARr~JT I ~E A~ ~ Tt-; 
_ f. 0 ~ M_ ON / Sf T lJ P I~..! O. _wJ:. G ( 1 9 , • 0 F.!)( 1 9 ) • W SO, 19 • 1 9) • 0 SO, 1 9 • 1 9) • DELI 1 q , • WE l 
I f1 q I 

__ ___ £~f.lf1~N/H!.XII X 0"'. Al_~!. Al f ( 19» , ~. cs.::.C~._=iJ.:....H....:. • ..:..:W~ .. _____ _ 
COH~ONIHATO!\(lQ.1~I.X(19,1).NR.YSO.Z 

C CO~PUJF~ flEMF~TS QF "'AT~IX A. NR=IX+l 
Oll 10 1=1. I X 

____ no _U J=l !.j " ____ _ 
11 A(I.J;="'~O( I .J.-AlAM.OSll(l.Jt 

A ( r • ". R , =-f1F r r I ) 



)n ACNp · )' :!! OfO(1) 
Af~R.MO =O. 

'(2 

___ ~~~~N ____________________________ __ 

F,..O 

~lIRr , mi-r INF )!IATO' A. X. NR. NV~OfT .iU.NX' 
J)J '" F ~ ..:c;) 0 N A S I 0 , .)( C 1 0 , 
OET=J.O 

nn r; K-l.NRJ 
_ .RI=I<+) 

P1Vl1T 1C O.C'l 
on n ,= I< • Ml 

---- ---- ---

-- ---- - - - -
1j( ;. f~-1 '.NAt) 
1 1l .~~F Iii( IK J! 
JF'1-PIV C T)~.6.1 

_l~LV (l T.' 
F~fh J 

,., c:n~TINUf 

JFCPIVOT'A.9.B 
q OETrOaO 

RfTURN 
_~'!JJ~~-I< '10.11.10 
10 nn ]2 J=K.NR 

IPPJ=CJ-l'.NA+~I~P~~~ _ ______________ _ 
lzA(JPRJ' 
K J = C J- I I • N A + K 
Af IPRJ.=~CKJJ 

12 A(K,j)=l 
~---"-'-~==--=----=------------- - - -----

00 13 J=).NV 
_ .1 P ,~.'= C J-I , . _N...:...;Xc.:...+_1.::..-.:.-P.:....;,R _______ _ 

'~XCrp~J' 
KJ=(J-l'·NX+K ______ > ________________ __ 

~(JPRJ)=)('KJ) 
13 X.I<J)=~I _____ __________ __ 

Of!=-OET 
II KK=(K-I'.,..A+K 

OfT "-OfT.~( KI<) 
PivnT=l.O/AfKK' 
DO 1 .. J=IRI.NR 
KJ=CJ-l ··NA+K 
ACKJ'=A(KJ).PIVOT 
DO 14 !=Ii<l.NR 
IJ=(J-II'·NA:+I 
IK=(i<-I)·NA+1 

14 A'IJ.=~I IJt-AIIK)*ACKJ. 
no -; J=l,NV 
KJ=(J-t.·NX+K 
IFCXCKJ •• IS.5.i5 



~( 3 

__ _ 1'; x tJ(-I':z;X f tt:J ~-.!PJ)'Ol _______________ _ 
00 16 l a !Rl.NR 
IJ=(J-UtNX+1 
IK=fK-I.tNA+i 

_ 16 X.IJ'=X(JJ L-A-, I _KJ~)J KJ' 
Ii CQ~TINUE 

._--,NANA=fN~l ,tNA+NR ___________ _ 
IFCACNRNR.' 17.q.11 

17 OEI=PET*PCNRNR' 
PIVDT=I.C/ACNRNR) 

___ =O=O-","l -!.:.k_~Y- __ 
NR J = _ .J- 1 ) t i"4)( + N R 

_ ___ XCNR~)=XCNAJ)*PIVOT 

£JO 18 r.=I.NRl 
I=NA-K 
su .. ~o.o 
00 lq l~I.N~R~l _______ _ 
Il=l*NA+1 

-------

____ lJ-CJ-l.*NX+UL+~I~'~ _ _________ _ 
lq SUMaSU~.A(Il'*X(lJ) 

IJ-'J-l).NX+1 
18 XC IJ ~=X4IJ '-SU~ 

_ _ ---'~N _____ . - - _ .- - --------
END 

SURRClUTINE STEP 
C("Mr.N/CONVr,/XXC19.1).RK.l~OST.lSTOP.JwA1.G 
CC~~ON!MAX/IX.~.A~A~.Alf(19'.C.CSC.OH.W~ 
r.C~MCN/~ArC/A'l~.lq •• X'lq,l).NR.YSO.1 
OIMENSION AlFXf19' 

( COMPlJTE S NFW AlPHA~i AND l A""BOA. t'.!~ a I X+ 1 
1fCJWAY'C;.5.C; 

_-...;IS DO 1K= I. N P 
1 AlF'K)=AlF'K~-X(K.l' 

GO TC 1\ - -
q AlFCNR)=AlAM 

nOIOK-l.,.R ________________ _ 
XX f K. 11 = ~ C K. 11 
AlFX(I( I= AlfC'O 

10 Al~ ( K.=AlFCK.+X(K~I) 

__ _ I~l'-' ;.l=A ~f-1~~ _ 
00 70 K~l.IX 

_ _ IF'AlFCK,.tT.u.O. lQ.20 
lq AIFCK.=O.S*AlFXCK) 

____ , ~X(K.l)=-1.0_.~A~l~F~(~K~' ________________________ _ 
.'0 CONTINUF 

___ RFrUR~ 
ENO 
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